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Lethal biotic interactions strongly influence the potential for aquatic non-native 
species to establish and endure in habitats to which they are introduced. Predators in the 
recipient area, including native and previously established non-native predators, can 
prevent establishment, limit habitat use, and reduce abundance of non-native species. 
Management efforts by humans using methods designed to cause mass mortality (e.g., 
trapping, biocide applications) can reduce or eradicate non-native populations. However, 
the impacts of predator and human induced mortality may be mitigated by the behavior or 
population-level responses of a given non-native species.  
My dissertation examined the responses of non-native aquatic species to the risk 
of predation by novel (i.e., no previous exposure) predators in the recipient community 
and indicators of potential compensatory responses by non-native populations to 
increased mortality resulting from removal efforts. My dissertation addresses four 
primary questions. 1) Can first generation, naïve invaders recognize and defend against 
predators found within the region of invasion through the expression of inducible 
defenses? 2) Can the overcompensatory potential of a population be predicted though 
examinations of intraspecific interactions of individuals from the population? 3) What is 
the relationship between removal effort outcome (i.e., successful or unsuccessful 
reduction of the target population) and compensatory population responses? 4) Is there a 
relationship between characteristics of removal efforts that are typically available to 
managers (e.g., target area size, target area connectivity, removal methodology) and 
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compensatory population responses that could indicate the relative likelihood of 
compensation resulting from removal efforts? 
An invading species should be more likely to establish if it can successfully 
identify and defend against predators in the recipient range, such as through the 
expression of inducible defenses. Inducible defenses are behavioral or physiological 
changes that reduce an organism’s susceptibility to predation. Through a series of 
laboratory experiments, I tested whether inducible defenses, in the form of increased 
burrowing depth, may have benefited the early stage of invasion of Nuttallia obscurata 
(purple varnish clam), an established Northeast Pacific invader. Specimens of N. 
obscurata were collected from introduced populations in the Northeast Pacific and from a 
native population in Japan. The clams were exposed to chemical and physical cues from 
Northeast Pacific crab predators, including the native Metacarcinus magister (Dungeness 
crab), an abundant and frequent predator of N. obscurata. While introduced N. obscurata 
increased their burrowing depth in the physical presence of M. magister, clams collected 
from their native range showed no such response. This lack of increased burrowing depth 
by naïve clams in response to a predator native to the newly invaded range, but a 
significant increase in depth for clams from populations established in the range suggests 
that while inducible defenses likely did not contribute to the initial establishment of N. 
obscurata in the Northeast Pacific, they may contribute to their continued persistence and 
expansion in their introduced range. 
Some efforts to reduce invasive populations have paradoxically led to population 
increases. This phenomenon, referred to as overcompensation, occurs when strong 
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negative density-dependent interactions are reduced through increased mortality within a 
population, resulting in an increase in the population’s recruitment rate sufficient to 
increase the population’s overall abundance. Increases in a population’s recruitment rate 
can result from reduced cannibalism of juveniles resulting in lower mortality of new 
recruits, from increased adult reproductive output, which increases the number of 
potential recruits, or from reductions in size and/or age at maturity of the unharvested 
population, which increases the number of reproductive individuals. I predicted the 
overcompensatory potential of a population of Carcinus maenas (European green crab) in 
Bodega Harbor, California, using a series of laboratory and field experiments examining 
intraspecific pressures of adults on juveniles in the population. This measure of 
intraspecific pressure was used to predict the overcompensatory potential of the 
population in response to increased mortality from ongoing removal efforts. This 
prediction was then assessed using pre- and post-removal surveys of juvenile recruitment 
in Bodega Harbor compared to nearby populations, testing for evidence of 
overcompensation. While adult C. maenas in Bodega Harbor had limited negative 
impacts on juveniles, I concluded it was unlikely to result in overcompensation. Relative 
juvenile abundance did not statistically increase in removal compared to reference 
populations, consistent with my conclusion from the experiments.  
Increases in recruitment rates can occur as a result of efforts to remove non-native 
species. This increase in recruitment can result in overcompensation, but more commonly 
results in compensation, where recruitment rates increase relative to pre-removal 
recruitment but does not result in in the population’s abundance exceeding pre-removal 
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levels. However, a detailed and accurate prediction of the response of a population to 
harvest is time consuming and data intensive. This is not feasible for most efforts to 
eradicate non-native species, which have the greatest chance of success when enacted 
rapidly after detection. For my final chapter, I performed a literature review and 
accompanying statistical analysis to determine if typically available information related 
to the removal effort (site size, site connectivity, and removal technique) could be used to 
determine increased risk of compensation for a given effort to remove aquatic invasive 
species. Compensation was closely linked to unsuccessful removal efforts and was 
observed only among efforts utilizing physical removal methods. However, the frequency 
with which compensation occurred varied with the exact technique employed, occurring 
most frequently in removal utilizing electrofishing. Additionally, evidence of 
compensation was more frequent among larger removal areas with variable connectivity. 
While other predictors (temperature, effort, etc) might add to the predicative power, the 
findings of the review provide criteria for managers to determine the relative risk of 
compensation prior to the start of removal.  
Further understanding of how invasive species respond to lethal biotic 
interactions, including anthropogenically mediated control measures, can aid in assessing 
the risk of invasion for a given species and inform managers of the risk of complications 
resulting from removal efforts. While inducible defenses may contribute to the long-term 
success of an introduced species in their recipient range, my findings did not support the 
idea that inducible defenses triggered by predator cues contributed to their initial 
introduction in this case. However, research on other non-native species and offspring of 
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previously naïve prey would allow for a clearer picture of the role of inducible defenses 
in the invasion process. Compensation resulting from removal efforts does not guarantee 
failure, and certain characteristics of removal efforts seem to indicate increased risk of 
compensation. Together these components help identify how biotic interactions 
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Introduction: Responses of introduced species to lethal biotic  
interactions and their influence on invasion success 
 Biotic interactions affect the fate of non-native populations only after these 
populations have passed a gauntlet of other threats and stressors. However, biotic 
interactions, such as predation, are, on their own or combined with abiotic stress and 
propagule pressure, an important determinant of whether introduced populations survive 
or even thrive in a recipient region (Catford et al. 2009). Given the survival of a sufficient 
number of transported propagules, conditions within the recipient region will determine 
the survival and spread of a non-native species (Levine et al. 2004, Lockwood et al. 2005, 
Catford et al. 2009). If abiotic conditions at a site are outside the tolerance for a non-
native species then it cannot become established or persist without rapid evolutionary 
change (Weiher & Keddy 1995, Werner & Rothhaupt 2008, Firth et al. 2011). If an 
organism is able to tolerate abiotic conditions at the recipient location, then biotic 
interactions will affect the success or extent of a non-native species (Levine et al. 2004, 
Catford et al. 2009).  
The influence of biotic interactions on invasion success is of particular import in 
aquatic systems, due to the relatively high risk of invasion (Lodge et al. 1998) and 
increased impact of biotic interactions on community structure (Bruno et al. 2005) 
compared with terrestrial systems. Human activities can result in the transport of both 
terrestrial and aquatic species far beyond natural rates and spatial scales through a variety 
of vectors (Lockwood et al. 2007). Vectors for pelagic and benthic aquatic species often 
have a greater potential to transport more individuals and species compared to terrestrial 
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equivalents (Lodge et al. 1998). Ballast water (Carlton & Geller 1993, Hutchings 1993, 
Hewitt & Campbell 2007), vessels (Johnstone & Coffey 1985, Hewitt & Campbell 2007), 
and shipments of organisms for aquaculture or the pet trade (Padilla & Williams 2004, 
Hewitt & Campbell 2007) can transport nearly intact communities consisting of 
thousands of individuals (Lodge et al. 1998). Given the potential for biotic interactions to 
influence community structure, the composition of the recipient range community should 
play an important role in an aquatic habitats vulnerability to invasion. 
The successful establishment and spread of an introduced species will thus in part 
be determined by the composition of the community in the recipient range. An incoming 
species may experience an increased chance of survival and potentially greater growth 
and reproductive output if the recipient range community lacks or has low abundance of 
potential predators, competitors, parasites, or diseases (enemy escape, release, or 
reduction hypotheses) (Keane & Crawley 2002, Wolfe 2002, Mitchell & Power 2003, 
Torchin et al. 2003, Torchin & Mitchell 2004, Colautti et al. 2004). Additionally, an 
incoming species could benefit immediately from the ability to exploit unutilized 
resources in the recipient community because of the lack of competition (empty niche 
hypothesis) (Macarthur & Levins 1967, Hierro et al. 2005, Catford et al. 2009). In 
contrast, populations with predators, parasites, or competitors that negatively impact 
introduced species may be more resistant to invasion, preventing the establishment of 
non-native species or limiting their abundance and distribution in the recipient region 
(biotic resistance hypothesis) (Case 1990, Hunt & Yamada 2003, Harvey et al. 2004, 
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Levine et al. 2004, de Rivera et al. 2005, Parker & Hay 2005, Alpert 2006, Jensen et al. 
2007, Dumont et al. 2011, Kimbro et al. 2013).  
While any negative biotic interaction can limit the invasion potential of non-
native species, the impact should be strongest for lethal interactions. In a review of the 
relative importance of competition and predation in determining the characteristics of 
communities and populations, Sih et al. (1985) suggested that predation, an inherently 
lethal interaction, may more strongly influence community structure than does 
competition. Predation pressure from the recipient community (both native and 
previously established non-natives) can limit the abundance (Parker et al. 2006, Kimbro 
et al. 2009), habitat use (Hunt & Yamada 2003, Harvey et al. 2004, Jensen et al. 2007, 
Dumont et al. 2011), and geographic range (de Rivera et al. 2005) of non-native species. 
Additionally, research by Bruno & O’Connor (2005) and Shurin et al. (2002) suggests 
that the role of predation in determining species composition may be stronger in aquatic 
versus terrestrial communities.  
Although predation is the first potentially lethal biotic interaction an invasive 
species will likely confront upon arriving in a new habitat, if the invader is known to or 
comes to cause ecological or economic harm it may become the target of removal efforts 
by humans (Simberloff 2014). Impacts of aquatic invaders can result in huge economic 
costs through damage to infrastructure (Galil & Zenetos 2002, Leppäkoski et al. 2002, 
Davidson & de Rivera 2012) and predation on fishery species (Glude 1955, Travis 1993, 
Jamieson et al. 1998, Grosholz et al. 2011). Biological invasions have also triggered 
shifts in community structure, size structure of native species, and in extreme cases local 
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extinctions (Zaret & Paine 1973, Goldschmidt et al. 1993, Grosholz et al. 2000, Grosholz 
2002, Blackburn et al. 2004). Numerous laws, educational efforts, techniques and 
technologies have been developed to prevent the further distribution of propagules 
(Hewitt & Campbell 2007, Tsolaki & Diamadopoulos 2010, Cooper et al. 2012). If a 
potentially destructive non-native species becomes established and detected, they may 
become the targets of management efforts. While some management approaches utilize 
non-lethal means such as the introduction of sterile males or establishment of artificial 
barriers, many rely on lethal means (Halfyard 2010, Kolar et al. 2010) and have been 
successfully used to limit the geographic range, reduce the abundance, or completely 
eradicate populations of non-native species (Meronek et al. 1996, Mack et al. 2000, 
Halfyard 2010, Kolar et al. 2010).  
While both predators and humans can limit the probability of establishment and 
spread of non-native species through lethal interactions, these interactions occur on very 
different scales and with different intent, which should affect effort at reduced population 
densities of the target species. Predators interact with their prey physically on a one-on-
one level. As highlighted by the components of predation described by Holling (1959, 
1961, 1966, 1973; as sumarized by Rockwood 2006), a predator must search for and 
process every organism it consumes and typically moves elsewhere or switches prey once 
return on effort diminishes. An organism’s vulnerability to predation will depend not 
only on the capabilities of the predator, but the ability of the organism to defend against 
the predator. As such, the ability of a non-native organism to avoid predation and survive 
in the recipient region will depend on its ability to effectively escape from or defend 
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against individual predators. Anti-predator defenses can take many forms, including 
physically escaping from or avoiding the predator to physical and chemical defenses 
(Rockwood 2006). While many anti-predator defenses are permanent, constitutive 
defenses, other possess temporary or plastic inducible defenses (Tollrian & Harvell 1998, 
Nunes et al. 2014). 
Inducible defenses are a form of phenotypic plasticity whereby an organism 
undergoes a temporary morphological or behavior change that reduces susceptibility to 
predation (Trussell & Nicklin 2002). In contrast to constitutive defenses, inducible 
defenses are energetically efficient and agile and potentially less energetically costly as 
resources are allocated to their development only if the risk of predation is high (Zangerl 
& Rutledge 1996, Leonard et al. 1999, Trussell & Nicklin 2002). When risk of predation 
is low, greater resources can be allocated to growth and reproduction (Tollrian & Harvell 
1998, Trussell & Nicklin 2002). However, for inducible defenses to be effective the 
organism must be able to recognize cues that signal increased risk (Lively 1986, Harvell 
1990, DeWitt et al. 1998, Tollrian & Harvell 1998, Whitlow et al. 2003). Such cues, 
including tactile interactions with predators, chemical signals from predators 
(kairomones), or chemical signals from injured conspecifics (alarm cues), trigger the 
expression of inducible defenses (Harvell 1990, Trussell & Nicklin 2002). However, 
given the lack of a shared evolutionary history between recipient range predators and 
introduced prey, it is possible that introduced prey will not identify predator cues and 
express inducible defenses in situations of increased risk (akin to the naïve prey 
hypothesis; Sih et al. 2010; Carthey and Banks 2014; Berthon 2015).  
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Species capable of expressing inducible defenses should be more likely to 
successfully overcome biotic barriers to invasion than those that cannot, if they can 
identify and respond to cues from novel predators in the recipient range. Several studies 
have shown that non-native organisms will express inducible defenses in the presence of 
predators in the recipient range (Dzialowski et al. 2003, Flueck 2004, Grason & Miner 
2012, Naddafi & Rudstam 2013, Cisterne et al. 2014, Castorani & Hovel 2016) and thus 
appear to recognize these predators as threats. However, previous studies were performed 
using populations of non-native species that had coexisted with established predator 
species for generations. The expression of anti-predator behaviors in naïve prey can occur 
within a few generations (Thompson 1998, Yoshida et al. 2003, Freeman & Byers 2006, 
Nunes et al. 2014, Berthon 2015), and thus it is highly possible the observed responses of 
non-native prey do not represent their responses during their initial introduction. It is 
likely that during this initial introduction, when the introduced population is small, is 
when biotic resistance from established predators has the greatest chance of preventing 
the establishment of the introduced species.  
Hence, in Chapter 1, I conducted an experiment that specifically examined 
inducible defenses with the goal of determining if inducible defenses might have played 
an important role in the initial establishment and subsequent success of a non-native 
species. I collected specimens of the introduced bivalve, Nuttallia obscurata, from non-
native populations in the Northeast Pacific and from a native population in Japan. 
Specimens from Japan are naïve to cues from Northeast Pacific predators and thus should 
be similar to those from the species when it first invaded the recipient range.  
7 
 
In contrast to impacts from predators, human-induced mortality of non-native 
species for eradication or control may operate on a larger scale, because an entire 
population of non-native species is targeted. Treatments can range from the application of 
biocides to trapping, netting and even explosives (Halfyard 2010, Kolar et al. 2010). The 
treatment selected is typically based on its effectiveness against the target species, impact 
on non-target organisms, and resource cost (Parkes & Panetta 2009). For a removal effort 
to be effective, the removal rate (harvest, emigration & natural deaths) must exceed the 
recruitment rate (births and immigration) of the target population. This is in part 
determined by the efficacy of the removal effort employed, but the magnitude of these 
variables (natural deaths, births, emigration, immigration) should be influenced by 
intraspecific interactions within the population (Best et al. 2007, Gotelli 2008, Turgeon & 
Kramer 2016). 
Basic population theory states that in a system with limited resources and inverse 
intraspecific density-dependence, birth rates will fall and death rates will rise with 
increased population abundance. Hence, as a population approaches the maximum 
number of individuals that can be supported (i.e., carrying capacity), its growth rate will 
steadily decrease due to a depletion of resources (Gotelli 2008). Cannibalism should also 
be higher in populations near their carrying capacity, further reducing the overall 
population growth rate (Fox 1975). In contrast, smaller populations with greater resource 
availability tend to grow faster due to greater per-capita reproductive output and lower 
mortality (Rockwood 2006, Gotelli 2008). However, despite high per-capita 
reproduction, overall population growth is hindered in small populations due to lower 
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numbers of reproductive individuals. Additionally, some species have a minimum viable 
population size, below which they cannot maintain a self-sustaining population (i.e., 
Allee effect) (Rockwood 2006). In the classic logistic growth population model, the 
growth rate of a population is greatest at half of the carrying capacity (K/2), where a 
balance in struck between availability of resources, intraspecific pressures (cannibalism, 
competition), and number of reproducing adults (Gotelli 2008). Actual populations are 
more variable and the relationship between abundance and growth will differ for 
populations with weaker stock-recruitment relationships, but even in such systems the 
strength of negative intraspecific pressures (competition, cannibalism, etc.) should be 
greatest as the population nears its carrying capacity (Fox 1975, Beeby & Brennan 2008).  
Populations with strong, negative intraspecific pressures that are targeted for 
removal may experience an increase in the recruitment and survival of young of the year 
or juveniles (i.e., recruitment rate), which can result in enough of an increase in 
population size to return to or even exceed the pre-removal size (Ricker 1954, Rose et al. 
2001, De Roos et al. 2007). This phenomenon, which I will refer to here as 
compensation, occurs when the mortality from removal efforts (or other external forces) 
reduces intraspecific pressures to the point that ultimately result in an increase in the 
number of recruits added to the population relative to before the removal. Compensation 
can occur through a number of processes such as a reduction in cannibalism or 
competition, which, compared to the pre-removal, can result in increased per-capita 
reproductive output, increased survival of juveniles, faster maturation, increased 
immigration, or a combination of factors (Rose et al. 2001, Claessen et al. 2004, De Roos 
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et al. 2007, Zipkin et al. 2008). The intensity of this response is variable; in some cases 
the increase in recruitment is not sufficient to overcome the increase in mortality, in 
others it can match the removal rate of harvest efforts and the population remains 
relatively stable (Rose et al. 2001). In the most extreme responses, the increased 
recruitment rate exceeds the removal rate, causing the population to increase in size 
(Ricker 1954, De Roos et al. 2007, Zipkin et al. 2008, Abrams 2009). This phenomenon 
of an increase in population size in response to removal of individuals, is known as 
overcompensation (Abrams 2009, Zipkin et al. 2009, Schröder et al. 2014). 
The concept of compensation is integral to the sustainable harvest of fisheries 
species but has been less examined in the context of efforts to remove populations, such 
as with biological invasions (Rose et al. 2001, Seno 2008, Zipkin et al. 2008, 2009). In 
theory, compensatory (or overcompensatory) recruitment allows for the replacement of 
individuals that are harvested from the population, allowing the population to persist 
despite exploitation (Ricker 1954, 1975, Beverton & Holt 1957, Sissenwine 1984, 
Goodyear 1993). Mortality can also be compensatory (hereafter referred to as 
compensatory reserve), with populations creating a ‘surplus’ of individuals whose harvest 
will reduce mortality of the remaining population while allowing the population to persist 
even under harvest conditions (Christensen & Goodyear 1988, Boyce et al. 1999). 
However, if the goal of harvest is to reduce or eradicate the target population (as with 
non-native species) then harvest efforts will attempt to exceed a population’s 
compensatory reserve and thus compensatory mortality should not strongly impact 
removal efforts. Compensatory or overcompensatory recruitment, in contrast, has a 
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greater potential to hinder removal efforts. However, the potential for compensation to 
occur as a result of harvest is generally not taken into account ahead of removal.  
Zipkin et al. (2009) developed a general population model to help determine the 
conditions under which removal efforts can result in overcompensation. They found 
overcompensation was more likely to occur for species with high fecundity and short 
maturation periods. Many invasive species, such as the European green crab, Carcinus 
maenas, fit this category but their overcompensatory potential has not been examined in 
the field. Marine organisms with pelagic larvae, such as C. maenas, can have weak stock-
recruitment relationships, and thus may not respond to harvest in the same way as 
predicted by the model developed by Zipkin et al. (2009; see [Yamada 2001, Yamada & 
Gillespie 2008]).  
In Chapter 2, I developed and performed a series of field and lab assessments to 
determine the potential for overcompensation by a population of C. maenas in response 
to removal efforts. This was accomplished by testing whether the presence of adult crabs 
significantly reduced either juvenile survivorship or juvenile growth in Bodega Harbor. 
The accuracy of my determination was then assessed by using annual survey data from 
the removal site and comparing it to survey data from several reference bays. 
 In Chapter 3, I further explored the role of compensation and overcompensation 
in efforts to remove non-native populations through a literature review. I examined the 
details of efforts to remove populations of aquatic invasive species to examine the impact 
of compensation on the outcome of removal efforts and to determine if the compensatory 
potential of a population could be estimated using typically available information.  
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 The overall goal of my research was to examine how inter- and intraspecific 
biological responses of non-native species may overcome lethal biotic interactions and 
management strategies, which might otherwise prevent their establishment and 
persistence or limit their abundance. This work will expand our understanding of the 
response of naïve prey to novel predators, as well as our knowledge of the role inducible 
defenses and predator recognition play in the early stages of the invasion process. Finally, 
my examination of compensation and overcompensation in non-native populations may 
benefit managers by aiding the pre-removal assessment of a target populations 






Chapter 1: Examining inducible defenses to novel predators 
across native and introduced populations 
Introduction 
A species invading a new location should be more likely to establish if it can 
successfully defend against novel predators in the recipient range, such as through the 
expression of inducible defenses. Inducible defenses are a form of phenotypic plasticity, 
which is the ability of a genotype to alter the expression of an organism’s characteristics 
(e.g., morphology, behavior) in response to environmental cues (DeWitt et al. 1998, 
Dzialowski et al. 2003). Inducible defenses are triggered after exposure to risk cues, 
generally tactile interactions with predators, chemical signals from predators 
(kairomones) or chemical signals from injured conspecifics (alarm cues), and cause an 
organism to undergo morphological or behavioral changes that reduce susceptibility to 
predation (Trussell & Nicklin 2002, Bourdeau 2010). While it might be expected that 
organisms would be unable to identify and defend against novel predators with which 
they do not have a shared evolutionary history (akin to the naïve prey hypothesis; Sih et 
al. 2010; Carthey and Banks 2014; Berthon 2015), several studies have shown that some 
non-native organisms express inducible defenses in the presence of predators in their new 
recipient range (Dzialowski et al. 2003, Flueck 2004, Grason & Miner 2012, Naddafi & 
Rudstam 2013, Cisterne et al. 2014, Castorani & Hovel 2016), which could have aided in 
their establishment.  
Although non-native organisms will have no previous interactions with novel 
predators in their new recipient range, they may still be able to identify and defend 
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against these predators. The non-native organism may respond to a novel predator if it is 
taxonomically similar to a known predator species. For example, the freshwater snail, 
Physella virgata, will express an inducible defense (development of rotund shell), in the 
presence of a range of sunfish species, even species that are non-molluscivorous 
(Langerhans & DeWitt 2002). Alternatively, the non-native organisms may use general 
cues that happen to include the novel predator, such as a presence of any large novel 
organism or object (Dill 1974 cited in Sih et al. 2010, Sih 1986). 
Even when species do not immediately recognize and respond to novel predators, 
selective pressures from predators have resulted in the expression of anti-predator 
behaviors in prey with which they have coexisted for only a few generations (Thompson 
1998, Yoshida et al. 2003, Nunes et al. 2014, Berthon 2015). For example, native blue 
mussels, Mytilus edulis, from habitats invaded by the Asian shore crab, Hemigrapsus 
sanguineus, approximately 15 years prior (7-15 generations of M. edulis prior) increased 
their shell thickness in response to the crab’s presence whereas completely naïve mussels 
from other, uninvaded populations did not respond to its presence (Freeman & Byers 
2006, Zagata et al. 2008). Additionally, novel predators may not immediately recognize 
newly introduced non-native species as potential prey and there may be a delay in the 
initiation of predation (Sih et al. 2010). After non-native prey have coexisted with 
predators in the recipient range for multiple generations, examinations of inducible 
defenses in response to these predators may not be representative of what occurred during 
their initial introduction. Temporal separation between introduction and investigation 
complicates efforts to examine the relationship between inducible defenses and 
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establishment success as the prey species used in inducible defense research involving 
non-native prey were introduced approximately 6 to 110 years before each of these 
studies took place (Table 1.1).  
Examining whether the expression of inducible defenses by an introduced species 
may increase their success during the difficult early stages of invasion would require 
either studying the invasion as it occurs or bringing specimens from the native range in 
contact with recipient range predators. The lag time between introduction and detection 
of most unintentionally introduced species reduces the feasibility of the first approach 
(Crooks 2005). However, one could experimentally test for the potential immediate 
expression of inducible defenses given exposure to novel predators if naïve individuals 
were collected from the donor population. The expression of inducible defenses, or lack 
thereof, by specimens directly from their native range when exposed to risk cues should 
be similar to those from the species when it first invaded the recipient range.  
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Table 1.1 Studies that found an inducible response by non-native species (Introduced Prey) to the presence 
of recipient range predators, including estimated minimum period of interaction (Min. Years of Overlap, 
from the Estimated Time of Introduction and Year Study Occurred) of the two species in the recipient 
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Footnote: Table: 1.1 References: 1. Flueck & Smith-Flueck 1993, 2. Flueck 2004, 3. Lincoln 1971,  
4. Kimbro et al. 2009, 5. Carriker 1955, 6. Chapman & Banner 1949, 7. Grason & Miner 2012, 8. Markula 
& Csurhes 2009, 9. Cisterne et al. 2014, 10. Markula and Csurhes 2009, 11. Macdonald 1969, 12. Castorani 
& Hovel 2016, 13. Mistri et al. 2002, 14. Mills et al. 1996, 15. Naddafi & Rudstam 2013, 16. Lucy 2006,  
17. Delmott and Edds 2014, 18. Sorensen & Sterner 1992, 19. Havel et al. 1995, 20. Dzialowski et al. 2003,  
21. Dao et al. 2016, 22. Dunstone 1993, 23. Salo et al. 2008, 24. Nowak 1991, 25. Nussbaum et al. 1983, 
26. Pearl et al. 2003, 27. Howard 1981 
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I examined inducible defenses, including the potential for their expression by 
naïve individuals newly introduced to a region, in the bivalve Nuttallia obscurata (Reeve, 
1857), the purple varnish clam. The class Bivalvia contains many species with expansive 
non-native ranges, and a large number of bivalves are known to express behavioral and 
morphological inducible defenses (summarized by Castorani and Hovel 2016). Larval N. 
obscurata are thought to have been transported via ballast water to the Northeast Pacific 
from their native range, which includes Japan, China, and Korea (Forsyth 1993, Coan et 
al. 2000). This non-native bivalve was discovered in British Columbia in 1991 (Forsyth 
1993) and has since expanded its range south into Washington and Oregon (Byers 2002). 
Crabs common to the Northeast Pacific are known to readily consume N. obscurata and 
play a strong role in limiting their intertidal distribution (Byers 2002, Dudas et al. 2005). 
Therefore, I hypothesized that established populations would recognize and respond to 
cues from Pacific Northeast crab predators. Although there was no investigation into the 
expression of inducible defenses by N. obscurata prior to this study, a similarly thin-
shelled burrowing clam, Mya arenaria, increased its burrowing depth and consequently 
its survival in the presence of crab predators (Whitlow et al. 2003, Whitlow 2009). Given 
the similarities between N. obscurata and M. arenaria, I hypothesized that N. obscurata 
would also increase its burrowing depth and correspondingly their chances of survival in 
the presence of predatory crabs.  
The goal of this research was to determine if the expression of inducible defenses, 
in the form of increasing burrowing depth, could have contributed to the initial survival 
of the first generation of N. obscurata in the Northeast Pacific. I tested this question using 
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specimens from N. obscurata’s native range as surrogates for the original colonizers of 
the Northeast Pacific. I examined N. obscurata’s inducible defenses in four stages. First, I 
examined if they do indeed demonstrate inducible defenses by increasing their burrowing 
depth. Second, I examined which cues induce the defense. Third, I compared the 
responses of clams collected from their native range (Japan) and from two populations in 
the Northeast Pacific (USA and Canada). Finally, I examined whether deeper burrowing 
conferred a survival advantage.  
By comparing the responses of clams from these native and introduced 
populations, I can determine if the expression of inducible defenses is reduced if N. 
obscurata is naïve to Northeast Pacific cues (USA vs. Japan) or varies across populations 
with previous exposure to the predators (USA vs. Canada). Given the many cases of 
bivalve inducible defense in multiple taxa and geographic regions (summarized by 
Castorani & Hovel 2016), I predicted all populations would burrow deeper given alarm or 
tactile stimulus cues. I expected that clams that had co-existed with the predators for 
generations (USA and Canada) might also respond to predator kairomones. Deeper 
burrowing by N. obscurata naïve to the predators (Japan) would suggest that inducible 
defenses could have increased the initial survival of the first generation of the species in 
the Northeast Pacific while deeper burrowing by recipient range clams would suggest 
such defenses contribute to the long-term success in the Northeast Pacific. Failure of N. 
obscurata from Japan to burrow deeper when exposed to risk cues would suggest that 
while inducible defenses may contribute to the species’ long-term success in the 




Collection and care of research specimens 
Specimens of Nuttallia obscurata (25-50 mm in length) were collected by hand 
from three locations: Sand Lake estuary, Oregon, United States (45°16'26.7" N 
123°57'20.1" W) from August 2013 to April 2016; Departure Bay, British Columbia, 
Canada (49°12'20.0"N 123°58'05.7"W) in May 2015; and Hiroura Bay, Natori, Miyagi 
Prefecture, Japan (38°09'58.1" N 140°56'57.5" E) in May 2015. Collected specimens 
were placed in small plastic containers (~500 mL) along with damp sediment collected 
on-site. They were transported on ice to Portland State University in Portland, Oregon, 
USA, where all organisms were housed and experiments were conducted. Handling of all 
clams was standardized to approximate the expected collection and transport of 
specimens from Japan. Burrowing depth and body length were recorded in the field for 
clams collected at Sand Lake in August 2013 to examine any potential length-depth 
relationship in the field. 
Three species of crabs were collected to act as potential predators of N. obscurata in 
the experiments: Metacarcinus magister (Dana, 1852), Cancer productus (Randall, 1839) 
and Carcinus maenas (Linnaeus, 1758). Both M. magister and C. productus are native to 
the Northeast Pacific and their habitat overlaps that of N. obscurata (Dudas et al. 2005). 
Although C. maenas is native to Europe and Northern Africa, its introduced range in the 
Northeast Pacific occasionally overlaps with that of N. obscurata (Klassen & Locke 
2007). All three crab species consume N. obscurata in laboratory settings, and predation 
by C. productus was observed in the wild (Byers 2002, Dudas et al. 2005, Curtis et al. 
19 
 
2012). Adult M. magister (95-125 mm carapace width [CW]; male and female) and adult 
C. productus (100-135 mm CW; male and female) were collected at Whiskey Creek in 
Netarts Bay, Oregon (45°24'50.6" N 123°56'05.3" W), while adult C. maenas (74-81 
CW; male) were collected at Bodega Harbor, California (38°19'25.00" N 123°02'52.00" 
W).  
All collected specimens were housed in tanks filled with artificial seawater 
brought to a salinity of 35 psu with Instant Ocean® and kept at 13°C on recirculating 
water tables. N. obscurata were separated by origin and housed in 20-gallon tanks 
containing ~10 cm of fine to medium grain sand collected from Sand Lake, OR. Reed 
Mariculture Shellfish Diet® 1800 (hereafter shellfish food) was added to the table weekly 
to provide food for N. obscurata. Crabs were housed on a separate, independent water 
table, divided into 20-gallon tanks by species. Crabs were fed squid 1-2 times a week 
and, as available, N. obscurata that had been used in experimental trials. For Experiments 
1-3 below, crabs selected for use in an upcoming experimental trial were placed in a 
separate tank for and fed squid to excess 24 hours prior to being added to experimental 
enclosures. Water in each table was completely replaced between experiments.  
 
Experimental Enclosures 
 All experiments were conducted in 10-gallon tanks filled to 20 cm depth with 
sediment collected from Sand Lake, a depth cited as the species’ most commonly 
observed maximum burrowing depth (Byers 2002) and one I did not find surpassed in the 
field. I added aerated artificial saltwater with salinity at 35 psu to each tank, which was 
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maintained at 10°C using a 120 GPH (gallon per hr) Ponicspump® pump and a chiller 
(Sea Line Platinum Series Chiller Model SL-150A). Salinity, temperature and sediment 
composition reflected conditions where N. obscurata is found in the Northeast Pacific, 
specifically those at Sand Lake, the local collection site. Each tank was allowed to sit for 
24 hrs prior to the addition of N. obscurata and was covered with a light diffuser grid 
with a plastic cage (16 cm L * 12.5 cm W * 6 cm D) at its center.  
 Between trials, the sediment was collected from each tank, mixed, rinsed with 
fresh water, and then air-dried for a minimum of 24 hrs. Tanks, chillers and aerator stones 
were thoroughly rinsed with fresh water after each trial. 
 
Clam tethering 
For all experiments, N. obscurata were divided into similarly sized sets of six 
clams (one set per tank). Each clam was attached to a garden staple by gluing a 20 cm 
tether of 0.28 mm monofilament line to the clam’s left valve, allowing it to burrow to its 
natural maximum depth. Clams were placed in a 10-gallon tank umbo up with their 
garden staple planted beside them. Burrowing depth of each clam was determined by 
removing the garden staple, pulling the line gently until it met resistance, and then 
measuring the length of the exposed line and subtracting it from the pre-determined 20 
cm of line length (as in Griffiths and Richardson 2006; Flynn and Smee 2010). By gently 
pulling on the line until taught, which allowed it to cut through the sand if needed, I 
removed the slack and ensured I was measuring directly above the clam, as there was 
occasionally horizontal movement by clams.  
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Experiment 1: Do N. obscurata collected in Oregon express inducible defenses? 
 From August-December 2013, I tested if N. obscurata from Sand Lake, Oregon, 
USA would burrow deeper in the presence of cues from local crab predators and 
damaged conspecifics. I used four treatments: a) Control (no risk cues); b) 1 C. productus 
plus 4 crushed N. obscurata; c) 1 M. magister plus 4 crushed N. obscurata; or d) 1 C. 
maenas plus 4 crushed N. obscurata. Shellfish food was also added to each enclosure, 
including the control, to provide food for N. obscurata during the experiment. The 
experiment was run over eight 72 hr time blocks, with one replicate of each treatment per 
time. Prior to each time block, six tethered clams were placed in each tank and allowed 
24 hrs to burrow and acclimatize. At the end of each time block all crabs and crushed N. 
obscurata were removed, water was drained to sand level, and the burrowing depth of 
clams was recorded to the nearest mm. 
 
Experiment 2: What risk cues trigger inducible defenses from Northeast Pacific N. 
obscurata?  
From June-August 2014, I tested which of the cues from Experiment 1 caused N. 
obscurata from an introduced population at Sand Lake, Oregon, USA to burrow deeper 
than those in control treatments. I used the same general methods employed in 
Experiment 1, but using four different cue treatments: a) Control (no risk cues); b) 
Crushed conspecifics only (4 crushed N. obscurata); c) 1 Caged M. magister; or d) 1 
Roaming M. magister. Tanks containing a Caged M. magister allowed N. obscurata to 
detect chemical signals from, but not physically interact with, the predator. In contrast, 
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clams in tanks containing an uncaged Roaming crab could detect chemical signals and 
physically interact with the predator. Shellfish food (for clams) and 25 mm
2
 of squid 
meat (alternate food source for crabs) were added to each tank, including control tanks. 
The experiment was run over ten 72 hr time blocks, with one replicate of each treatment 
per time block. 
 
Experiment 3: Do individuals from the donor range burrow deeper in response to 
recipient-range predators?  
 From July-October 2015, I tested if naïve specimens of N. obscurata from their 
native range responded to the presence of local crab predators in a similar fashion to the 
established non-native populations of this species in the Northeast Pacific, and if the 
response of these non-native populations varied with geographic origin. I used the same 
methods employed in Experiments 1 & 2 with one major exception: cues were left in 
tanks for 48 hrs rather than 72 hrs. The cue exposure time was reduced by 24 hrs for this 
experiment after observations suggested there was no consistent difference in clam depth 
after 48 or 72 hrs of exposure. Nine treatments were used in this experiment, representing 
all possible combinations of cue treatments (Control, Caged M. magister and Roaming 
M. magister) and geographic origin of N. obscurata (USA, Canada and Japan). The 






Experiment 4: Do observed changes in burrowing depths prevent predation? 
 From August-September 2015, I conducted an experiment to determine if the 
observed differences in burrowing depth increased survival of N. obscurata in the 
presence of a Northeast Pacific crab predator. Sets of six clams from Oregon were 
tethered and placed into separate tanks. To keep the clams at a pre-determined depth but 
able to re-orient, the tether length for N. obscurata was reduced to 2 cm and the garden 
staple was placed in the sediment to prevent clam movement.  
Each tank was randomly assigned one of two sediment depths representing the 
mean burrowing depth found from Experiment 1’s Control, 10 cm deep (hereafter 
Shallow), and from Experiment 1’s M. magister treatment, 13 cm (hereafter Deep). Tanks 
either had a Predator, M. magister, or served as a predator-free Control treatment. The 
experiment was run across seven time blocks, with three, or once four, tanks per block. 
One tank per block was randomly assigned to be Predator-Deep and another to Predator-
Shallow sediment depth. The third, and once fourth, tank was randomly assigned to one 
of the treatments: Predator-Deep, Predator-Shallow, Control-Deep, or Control-Shallow. 
Across all time blocks a total of 18 Predator (9 Deep, 9 Shallow) and 4 Control (no 
predator; 2 Deep, 2 Shallow) treatments. 
A base layer of sediment (2 cm) was added to each tank to prevent clams from 
being flush against the bottom of the tank. The six clams per tank were placed on the 2 
cm of sediment with their garden staple laid down horizontally next to them. A wooden 
dowel was temporarily placed vertically next to the posterior of each clam to create a 
sand-free “pocket” allowing for the extension of the siphons to the surface. The creation 
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of a sand-free “pocket” was implemented so the clams could access the surface after we 
added sand above them; else, their access to the surface would be much more limited by 
our sand addition than if they were allowed to burrow naturally. Finally, sediment was 
added to bury the clams to the target depth for each replicate, the dowels were removed, 
and the clams were allowed to acclimatize for 24 hrs.  
Unlike the previous experiments, the M. magister used in this experiment were 
fed then starved for 24 hrs prior to their addition to the Predator treatments to standardize 
hunger levels and to increase the likelihood that M. magister would actively forage for 
the buried clams. 
After the clam acclimatization and crab starvation periods, the crab was added to 
the Predator treatment. Clam mortality was assessed 6 hr and 24 hr after crabs were 
added. At 6 hr, clams were recorded as consumed if the staple had been pulled up and a 
broken shell was visible. After 24 hr, crabs then clams were removed.  
 
Testing for other possible influences on experimental outcomes 
 Multiple factors can influence the burrowing depth of marine bivalves. Some soft-
sediment bivalves display a strong correlation between body size and burrowing depth 
(Zaklan & Ydenberg 1997). Factors associated with location also could affect burrow 
depths. All tanks were in a single location within each experiment; however, due to 
varying space availability, I used different locations for the different experiments. For 
Experiments 1 and 3, tanks were located on shelves in the wet lab; tanks used during 
Experiment 2 were housed on, but not hydrologically linked to, operational water tables. 
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From March-April 2016, I ran an experiment to determine if the location of tanks 
affected burrowing depth of N. obscurata collected in Oregon. I used the same general 
methods as the Controls of Experiments 1-3. Two tanks were housed at each location 
(shelf or water table) and clams were allowed 3-4 days to burrow after which time 
burrowing depth was measured. The experiment was run over nine time blocks for a total 
of 18 tanks at each location. 
 
Statistical analyses 
 Using R statistical software version 3.1.0 (R Development Core Team 2014), I 
compared the burrowing depths of clams exposed to risk cue treatments to the depth of N. 
obscurata from the Control treatment for Experiments 1-3. After verifying that the data 
approximated the assumptions of a normal distribution and homoscedasticity of residuals, 
I created generalized linear mixed-effects models (GLMM) for each experiment using the 
package “lme4” (Bates et al. 2015). I originally considered using analysis of variance 
(ANOVA) or analysis of covariance (ANCOVA) to analyze the experimental results but 
ultimately concluded a GLMM was more appropriate for my needs. For a breakdown of 
this rationale, see Appendix A Supplement A.1. A GLMM was used by Castorani and 
Hovel (2016) when they examined the response of the introduced Asian nest mussel, 
Arcuatula senhousia, in the presence of kairomones and alarm cues. When using 
categorical predictor variables with this approach, each group within a category is 
compared against a selected reference group. For Experiments 1 & 2, the reference group 
was the Control treatment. For Experiment 3, the reference group for all 1-way 
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comparisons was the Control treatment for USA N. obscurata; the USA Control was also 
part of the comparison for the interaction term (Table 1.4). The interaction term for 
Experiment 3 tests for differences between treatments across geographic origin. For 
example, the model will test if the differences in N. obscurata burrowing depth for 
Control versus Roaming M. magister changes when using USA N. obscurata compared 
to those from Japan (Table 1.4). R code and complete model outputs for all GLMM’s can 
be found in Appendix A. 
For Experiments 1 & 2, final clam burrowing depth was the response variable and 
cue treatment was the independent variable. Time block (1-8 & 1-10, for Experiment 1 & 
2 respectively), Tank (1-4), and clam position (1-6; nested within tank) were included as 
random factors. For Experiment 3, final burrowing depth was the response variable while 
cue treatment (Control, Caged M. magister or Roaming M. magister), geographic origin 
(USA, Canada or Japan) and the cue treatment*geographic origin interaction term were 
fixed effects. Time block (1-10), Tank (1-9) and clam position (1-6; nested within tank) 
were included as random factors.  
Clam body size was originally a covariate in the models for Experiments 1-3 to 
determine if clam size influenced depth. However, there never was a significant or strong 
relationship between clam body size and burrowing depth in any of the models, and 
scatterplots of depth versus size for each experiment (1-3) using data collected from 
Control treatments did not indicate strong trends (Appendix A Figure A.1A-C). The 
covariate was removed for the final models to improve statistical power, and the results 
of the models did not change qualitatively as a result of this removal. 
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While I considered the inclusion of a barrier to separate Nuttallia from crabs in 
the Roaming crab treatment, I ultimately decided that the treatment would most closely 
mimic potential real-world interactions between predators and prey than would be 
possible using a barrier to separate them. However, this design came at the cost of 
rendering the clams vulnerable to predation. While alternate food sources were included 
to reduce predation on the clams, predation on tethered N. obscurata occasionally 
occurred. To eliminate the possibility of predation on any shallow clams making the data 
on remaining clam depths appear as if clams were burrowing deeper in predator 
treatments, I excluded from the analysis of Experiments 1-3 any replicate in which more 
than one clam was consumed in a given tank. No more than 2 tanks were excluded per 
treatment per experiment (Appendix A Table A.1). Additionally, any clams that failed to 
burrow within a given tank were excluded from analysis.  
For Experiment 4, I compared mortality of N. obscurata 6 and 24 hrs after burial 
at the two experimental depths, Shallow and Deep. The data from Control tanks were also 
compared with the two experimental depths but were used to document the extent of clam 
mortality independent of crab predation. 
Although the statistical analyses found no significant relationship between 
burrowing depth and size for N. obscurata, I also tested whether burrowing depth (mm) 
was correlated with size (nearest 5.0 mm) of clams in situ at Sand Lake, Oregon, USA 
using Pearson’s correlation (R function ‘cor.test’). I included all clams 25-50 mm in 
length as this was the size range used in the experiments (Appendix A Figure A.1D).  
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To determine if the location of tanks during Experiments 1-3 influenced clam 
burrowing depth, a GLMM similar to those in Experiments 1 & 2 was constructed. Final 
clam burrowing depth was the response variable, and location in the lab (shelf vs. water 
table) was the independent variable. Time block (1-9), Tank (1-4), and Clam position (1-
6; nested within tank) were included as random factors. 
 
Results 
Experiment 1: Do N. obscurata collected in Oregon express inducible defenses? 
 Nuttallia obscurata collected from Sand Lake, OR burrowed significantly deeper 
in the presence of Metacarcinus magister + crushed N. obscurata (Table 1.2; Figure 1.1) 
and Carcinus maenas + crushed N. obscurata compared to Control treatments. There was 
no significant difference between burrowing depth of N. obscurata in Control treatments 
and those exposed to C. productus + crushed N. obscurata. 
 
Table 1.2 Mean ± SE burrowing depth of Nuttallia obscurata and generalized linear mixed effect model 
estimated model coefficients ± SE, test statistic and probability for risk cue treatments relative to control 
treatments in Experiments 1. All specimens of N. obscurata were collected at Sand Lake, Oregon, USA. 
Bold and italicized p-values are significant, while italicized alone are marginally significant. 
Variable N Mean ± SE (cm) Coefficient ± SE t p 
Control (no cues) 41 10.6 ± 0.8 - - - 
C. productus + crushed N. obscurata 32 11.6 ± 0.7 -0.06 ± 0.90 -0.07 0.95 
C. maenas + crushed N. obscurata 26 12.9 ± 0.9 2.23 ± 0.99 2.26 0.03 







Figure 1.1 Average burrowing depth (mean ± 1 SE) of Nuttallia obscurata collected in Oregon exposed to 
combinations of risk cues in Experiment 1. Maximum possible burrowing depth is 20 cm. An asterisk (*) 
designates that the burrowing depth of clams in a treatment was significantly different from those in the 
Control treatment (p ≤ 0.05). Clams burrowed significantly deeper in the presence of a free roaming 
Metacarcinus magister + crushed N. obscurata (p = 0.03) and a free roaming Carcinus maenas + crushed 
N. obscurata (p = 0.03) compared to Control tanks. There was no difference in burrowing depth of clams in 
Control treatment vs. clams in the presence of a free roaming Cancer productus + crushed N. obscurata  
(p = 0.95). 
 
Experiment 2: What risk cues trigger inducible defenses from Northeast Pacific N. 
obscurata?  
 N. obscurata from Oregon burrowed deeper in the presence of a Roaming M. 
magister than in Control treatments, but not in the presence of Crushed conspecifics or a 
Caged M. magister (Table 1.3; Figure. 1.2). Burrowing depths of N. obscurata in the 
presence of a Caged M. magister or crushed conspecifics were not significantly deeper 
than those in the Control treatment. 
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Table 1.3 Mean ± SE burrowing depth of Nuttallia obscurata and generalized linear mixed effect model 
estimated model coefficients ± SE, test statistic and probability for risk cue treatments relative to control 
treatments in Experiment 2. All specimens of N. obscurata were collected at Sand Lake, Oregon, USA. 
Bold and italicized p-values are significant, while italicized alone are marginally significant. 
Variable N Mean ± SE (cm) Coefficient ± SE t p 
Control (no cues) 46 8.8 ± 0.8 - - - 
Crushed N. obscurata 50 9.4 ± 0.9 0.52 ± 1.00 0.52 0.61 
Caged M. magister 57 10.1 ± 0.6 1.31 ± 0.97 1.35 0.18 
Roaming M. magister 37 10.9 ± 0.7 2.18 ± 1.11 1.97 0.05 
 
Experiment 3: Do individuals from the donor range burrow deeper in response to 
recipient-range predators?  
 N. obscurata from Oregon, USA and from British Columbia, Canada exposed to 
Roaming M. magister burrowed deeper than clams in their Control treatments, but clams 
from Miyagi Prefecture, Japan did not (Table 1.4; Figure 1.3). Specimens of N. obscurata 
collected in Canada in the presence of a Roaming M. magister reacted similarly to clams 
from the USA, burrowing deeper than clams in the Canadian Control treatment. In 
contrast, N. obscurata collected in their native range from Japan did not appear to 
respond to the presence of a Roaming M. magister, burrowing slightly shallower 
compared to clams in their Control treatment. It should be noted, however, that Japanese 
N. obscurata burrowed significantly deeper than their USA counterparts in control 




Figure 1.2 Average burrowing depth (mean ± 1 SE) of Nuttallia obscurata collected in Oregon exposed to 
individual risk cues in Experiment 2. Maximum possible burrowing depth is 20 cm. An asterisk (*) 
designates that the burrowing depth of clams in a treatment is significantly different from those in the 
Control treatment (p ≤ 0.05). Clams burrowed significantly deeper in the presence of a free Roaming 
Metacarcinus magister (p = 0.05) compared to Control tanks. There was no difference in burrowing depth 
of clams in Control treatment vs. clams in the presence of a Caged M. magister (p = 0.18) or Crushed N. 
obscurata (p = 0.61). 
 
Similar to Experiment 2, none of the clams, regardless of source population, 
demonstrated significant increases in burrowing depth when M. magister was caged and 
clams were only exposed to effluent, suggesting chemical cues on their own did not 
induce significantly deeper burrowing in this experiment (Table 1.4).  
No significant differences were found in the interactions between geographic 
origin and cue treatment when comparing the Caged M. magister treatment with their 
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Control (Table 1.4). Similarly, there was no significant difference when comparing the 
interaction of the Roaming M. magister treatment with their Control for N. obscurata 
from Canada versus USA clams. However, the difference in burrowing depth between 
Control and Roaming M. magister treatments was significantly greater for USA N. 




Table 1.4 Mean ± SE burrowing depth of Nuttallia obscurata, generalized linear mixed effect model 
estimated model coefficients ± SE and statistical output for risk cue treatments relative to the USA N. 
obscurata, Control treatment in Experiment 3. Bold and italicized p-values are significant, while italicized 
alone are marginally significant. 
Variable N 







USA N. obscurata,  
Control 
55 10.5 ± 0.8 - - - - 
USA N. obscurata,  
Caged M. magister 
53 10.1 ± 0.8 
USA N. obscurata, 
Control 
-0.24 ± 0.94 -0.26 0.80 
USA N. obscurata,  
Roaming M. magister 
41 12.1 ± 0.7 
USA N. obscurata, 
Control 
1.92 ± 1.01 1.90 0.06 
Canadian N. obscurata, 
Control 
53 10.5 ± 0.7 
USA N. obscurata, 
Control 
0.29 ± 0.93 0.31 0.76 
Canadian N. obscurata, 
Caged M. magister 
53 11.3 ± 0.7 - - - - 
Canadian N. obscurata, 
Roaming M. magister 
49 12.0 ± 0.7 - - - - 
Japanese N. obscurata, 
Control 
54 12.5 ± 0.7 
USA N. obscurata, 
Control 
2.16 ± 0.93 2.33 0.02 
Japanese N. obscurata, 
Caged M. magister 
49 11.9 ± 0.7 - - - - 
Japanese N. obscurata, 
Roaming M. magister 
48 11.2 ± 0.6 - - - - 
Interaction term (Canadian  
N. obscurata, Control vs.  
Caged M. magister) 
- - 
USA N. obscurata, 
Control vs. Caged 
M. magister 
0.98 ± 1.33 0.74 0.46 
Interaction term (Canadian  
N. obscurata, Control vs. 
Roaming M. magister) 
- - 
USA N. obscurata, 
Control vs. Roaming 
M. magister 
-0.52 ± 1.39 -0.37 0.71 
Interaction term (Japanese  
N. obscurata, Control vs.  
Caged M. magister) 
- - 
USA N. obscurata, 
Control vs. Caged 
M. magister 
-0.22 ± 1.34 -0.16 0.87 
Interaction term (Japanese 
N. obscurata, Control vs. 
Roaming M. magister) 
- - 
USA N. obscurata, 
Control vs.  
Roaming  
M. magister 





Figure 1.3 Average burrowing depth (mean ± 1 SE) of Nuttallia obscurata from two regions it has invaded 
(USA and Canada) and one to which it is native (Japan) exposed to individual risk cues in Experiment 3. 
Maximum possible burrowing depth is 20 cm. There was no significant difference in burrowing depth for 
clams in Control tanks from Canada (p = 0.76) relative to those collected in the USA, though Japanese 
clams burrowed significantly deeper (p = 0.02). USA clams burrowed marginally deeper in the presence of 
a Roaming Metacarcinus magister (p = 0.06) than those in Control treatments but not in the presence of a 
Caged crab (p = 0.80). No significant differences were found in the interaction between geographic origin 
and cue treatment when comparing the Caged M. magister treatment with the Control (USA vs. Canada, p 
= 0.46; USA vs. Japan, p = 0.71) There was also no significant interaction for N. obscurata from the USA 
and Canada when comparing the Roaming M. magister treatment with the Control (p = 0.87). However, the 
difference in burrowing depth between Roaming M. magister treatments and the Control was significantly 
greater for USA N. obscurata compared to their Japanese counterparts (p = 0.01). 
 
Experiment 4: Do observed changes in burrowing depths reduce predation? 
 The experiment testing if N. obscurata’s response to the presence of M. magister 
increased survival revealed that no N. obscurata buried at the Deep depth (13 cm) were 
consumed after 6 or 24 hrs. In contrast, an average of 0.7 ± 0.4 (mean ± SE) N. obscurata 
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(11%) were consumed by M. magister per tank after 6 hrs, while 1.7 ± 0.7 N. obscurata 
(28%) were consumed after 24 hrs when buried at the Shallow depth (10 cm). No 
mortality occurred in the Control treatments. 
 
Testing for other possible influences on experimental outcomes 
There was no significant positive relationship between body size and burrowing 
depth for N. obscurata collected at Sand Lake, Oregon for clams with body sizes 
consistent with those used in experiments (25-50 cm; N = 49, r = 0.09, t = 0.64, p = 0.26; 
Appendix A Figure A.1D). 
N. obscurata burrowed deeper when tanks were placed on the wet lab shelves, as 
was done during Experiments 1 & 3, compared with tanks placed on the water tables, as 
was done during Experiment 2 (Figure 1.4). However, the GLMM results showed this 




Figure 1.4 Average burrowing depth (mean ± 95% CI) of Oregon Nuttallia obscurata in tanks at two 
different locations in the Marine Ecology Research Lab at Portland State University: shelves lining the 
laboratory walls and water tables located in the middle of the lab. The ~2 cm difference in burrowing depth 
between the locations was similar to the ~2 cm difference observed for control treatments in Experiments 1 
& 3 (housed on shelves) and Experiment 2 (housed on water tables). Although location appears to affect 
clam burrowing depth, the difference was not statistically significant (linear mixed-effects model: N = 9 
tanks in each group, t = 2.13, p = 0.17). 
 
Discussion 
Nuttallia obscurata from Oregon increased their burrowing depth in the presence 
of Metacarcinus magister, consistent with the use of inducible defenses in the presence of 
known predators. However, not all populations responded to this recipient-range predator 
similarly and not all potential risk cues used in these experiments elicited this defensive 
response. Clams collected from introduced populations in the USA and Canada both 
responded by burrowing deeper in the physical presence of M. magister. Specimens from 
Japan, however, did not burrow deeper as a response to chemical cues or the physical 
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presence of M. magister. This suggests that while inducible defenses may play a role in 
the perpetuation and spread of N. obscurata in its introduced range, it is unlikely to have 
contributed to the clam’s initial establishment.  
Differences in the response of N. obscurata to cues from M. magister across 
populations appear to be directly linked to a difference in exposure to M. magister. Clams 
from the USA and Canada have been preyed upon by M. magister in the Northeast 
Pacific for > 20 years, providing an opportunity for these populations to recognize and 
respond to M. magister as a threat. In contrast, clams from Japan have had no previous 
exposure to M. magister and their lack of response may be due to prey naiveté (akin to 
the naïve prey hypothesis; Sih et al. 2010; Berthon 2015). 
Contrary to my initial predictions Japanese clams showed no evidence of 
inducible defenses, even when exposed to tactile stimulus from a free roaming crab. A 
previous study by Flynn and Smee (2010) found that tactile cues in the absence of 
predator kairomones caused the soft shell clam, Mya arenaria, to increase its burrowing 
depth. Hence, tactile cues from any predator, familiar or novel, could elicit a response 
from prey. However, the stimulus applied by Flynn and Smee to M. arenaria (directly 
prodded each clam’s siphon once daily) likely was more intense than that experienced by 
clams in this study.  
The response of N. obscurata from USA and Canadian populations to the 
presence of M. magister appears to confer increased protection from predation. All 
specimens buried at 13 cm (Deep treatment) survived the predation trials, while some 
clams were consumed by M. magister when buried at 10 cm (Shallow treatment). While 
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the differences in burrowing depth resulting from the presence of M. magister may seem 
insufficient to provide increased protection for N. obscurata, it not only increased 
survival in our lab experiment but is in line with the findings of similar studies. Flynn & 
Smee (2010) observed that a 1.5 cm (15%) increase in burrowing depth by M. arenaria 
exposed to the crab Carcinus maenas resulted in a 38% increase in clam survival. 
Additionally, Byers (2002) found a significant reduction in of N. obscurata with a ~ 3 cm 
increase in burrowing depth, though these were for clams at shallower depths than in my 
study or what I observed in the field. Given that M. magister has been observed digging 
as deep as 30 cm to collect bivalve prey, even deep burrowing N. obscurata should still 
be vulnerable to some predation, albeit to a lesser degree (Auster & Crockett 1984).  
Although Japanese clams did not burrow deeper in the presence of M. magister, 
they did burrow significantly deeper in Controls than clams from the USA or Canada. 
One possible explanation for the relatively consistent, deep burrowing of Japanese 
specimens is that they may have been subject to higher predator encounter rates in Japan 
compared to clams from the Northeast Pacific. Habitats where predator encounter rates 
are high and consistent are thought to promote the development of ever-present 
constitutive defenses (Tollrian & Harvell 1998) and habitats with variable encounter rates 
promote plastic inducible defenses (Lively 1986, Harvell 1990), though this is not always 
the case (Bourdeau 2011). Either plastic or general constitutive defenses (e.g., depth 
refuge) may aid invasion into areas with generalist predators such as M. magister because 
both defense strategies should reduce susceptibility to predation (Blundon & Kennedy 
1982, Stevens et al. 1982, Zwarts & Wanink 1989, Jensen & Asplen 1998). Alternatively, 
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it may be that N. obscurata are not commonly consumed by crabs in the sampled 
Japanese population, and thus do not burrow deeper after exposure to physical or 
chemical cues from crabs. However, if predation risk is low one would expect clams to 
burrow more shallowly, as growth and feeding rates are higher at shallower burrowing 
depths (Zaklan & Ydenberg 1997, De Goeij & Luttikhuizen 1998, Edelaar et al. 2003). 
While information on predation pressure of N. obscurata in Japan would aid in the 
interpretation of my observed responses, I was unable to locate any records of predation 
on N. obscurata by Japanese crab species. Whatever the cause, if the observed burrowing 
depth of Japanese clams is reflective of the first clams to be introduced to the 
Northeastern Pacific then they may have experienced reduced susceptibility to predation 
without expressing an inducible response.  
The intensity and nature of an organisms inducible defenses can vary with 
predator identity (Kishida & Nishimura 2005, Bourdeau 2009, Kishida et al. 2009, 
Freeman et al. 2009, Garner & Litvaitis 2013, Naddafi & Rudstam 2013, Castorani & 
Hovel 2016). Non-native species may respond to novel predators if the response of a non-
native species is a generalized response to a broad class of predators (e.g., predatory 
crustaceans) that includes the novel predator or if the novel predator is evolutionarily 
similar to predators present in the home range of the non-natives species. In this study, 
clams responded to M. magister (Family: Cancridae) and C. maenas (Family: Portunidae) 
but not Cancer productus (Family: Cancridae), which suggests that N. obscurata is 
responding to cues that vary among species rather than solely to cues common to all 
Brachyuran (Infraorder) or Cancrid crabs. A similar trend was observed for introduced 
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populations of the Atlantic oyster drill, Urosalpinx cinerea, along the Northeast Pacific 
coast when work by Grason & Miner (2012) found U. cinerea reduced their feeding rates 
in the presence of C. productus, while Kimbro et al. (2009) did not observe a similar 
response to the closely related Romaleon antennarium (formerly Cancer antennarius). 
However, C. maenas is in the same Family (Portunidae) as a potential (though 
unconfirmed) crab predator of N. obscurata. The ishigani, Charybdis japonica, is a 
predator of bivalves and other benthic organisms and has been found near Hiroura Bay, 
though generally in lower tidal zones than N. obscurata is found (Jiang et al. 1997, Urabe 
et al. 2013). It is possible that N. obscurata from Oregon responded to C. maenas 
primarily because of its similarity to C. japonica, although this idea is somewhat 
contradicted by the fact the clams also responded to the more distantly related C. 
magister. In addition, Carcinus sp. has invaded parts of Japan and could have interacted 
with ancestors of the N. obscurata that arrived in Oregon (Geller et al. 1997). 
It is also possible that differences in N. obscurata’s response across predators may 
have less to do with their phylogenetic similarity to the predators in the clam’s native 
range, but rather the result of predator foraging behavior. C. productus has powerful 
claws and has been observed to select shallower-burrowing but thicker-shelled clams 
even when thinner-shelled but deeper-burrowing clams were available (Yamada & 
Boulding 1998, Dudas et al. 2005). In contrast, M. magister and C. maenas have weaker 
claws and will preferentially choose thinner-shelled clams, even when this requires more 
active foraging (Hunt & Yamada 2003, Dudas et al. 2005, Curtis et al. 2012). The more 
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active foraging of M. magister and C. maenas may result in greater physical disturbance 
of siphons of N. obscurata, causing the clams to burrow deeper in response. 
Specimens of N. obscurata collected in the USA and Canada increased their 
burrowing depth when M. magister was free to roam throughout the tank. In contrast, 
clams exposed solely to kairomones from caged M. magister or alarm cues from crushed 
conspecifics appeared to have no measured effect. Alarm cues are considered a general 
risk cue because they would be present regardless of the predator species involved and 
therefore response to alarm cues should be more likely to facilitate invasion than cues 
from specific predator species (Payne et al. 2004, Sih et al. 2010). Previous studies have 
observed that alarm cues alone can trigger inducible defenses for non-native prey, 
although they are generally weaker responses than those triggered by predator 
kairomones (Grason & Miner 2012, Garner & Litvaitis 2013, Castorani & Hovel 2016). 
My data presented here suggest that alarm cues alone did not contribute to the inducible 
burrowing behavior I observed for N. obscurata.  
Another factor that could have influenced the burrowing depth of clams from 
Japan is differences in sediment characteristics. Byers (2002) found that the burrowing 
depth of N. obscurata increased in looser, sandier sediment compared with more densely 
packed, muddier sediment. The sediment used in all of my experiments was collected 
from the same location within Sand Lake and was handled in the same way to reduce 
variation in sediment type or compaction. In contrast, conditions between N. obscurata 
collection sites were not identical. Specimens were collected from small areas (< 100 m
2
) 
at the same tidal height at each embayment (Sand Lake, Departure Bay, Hiroura Bay) to 
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minimize the impact of habitat variation on the behavior of our specimens. Sediment type 
was similar but not identical across embayments, with sediment being somewhat finer 
and denser at Hiroura Bay compared with Sand Lake (Appendix A Figure A.2-3). 
However, the burrowing depths of clams during collection were similar between 
embayments.  
Some species of soft-sediment bivalves display a strong correlation between body 
size and burrowing depth, which could influence the expression of a behavioral inducible 
defense like those displayed by N. obscurata (Zaklan & Ydenberg 1997). However, this 
size-depth pattern does not hold for all species. For example, Mercenaria mercenaria did 
not display this size-depth relationship (Roberts et al. 1989). There did not appear to be a 
clear relationship between body size and burrowing depth for N. obscurata, described as 
having a “shotgun distribution” (Gillespie et al. 1999). Data from the control treatments 
in my experiments and from the Sand Lake, Oregon field site found no significant 
relationship between body size and burrowing depth for the size range used in the four 
experiments. 
 Other factors aside from sediment characteristics and predator presence have been 
observed to influence the burrowing depth of soft-sediment bivalves. Environmental 
stresses will influence burrowing depth, with hypoxia driving bivalves closer to the 
surface while extreme temperatures and risk of being washed away will drive them 
deeper (Stanley 1970 cited by Edelaar et al. 2003, Ratcliffe et al. 1981 cited by Edelaar et 
al. 2003, Sutherland 1982, Tallqvist 2001). Burrowing depths will also vary with the tide; 
with clams generally burrowing shallowest at high tide and deepest at low tide (Roberts 
43 
 
et al. 1989). For species like N. obscurata that are both suspension and deposit feeders, 
the feeding method employed should also influence burrowing depth (Zwarts & Wanink 
1989). However, given that every effort was taken to ensure conditions (e.g., sediment 
type, food availability, temperature, salinity) were identical across specimen storage 
tanks and experimental tanks, these factors likely did not cause any of the observed 
differences in burrowing depth of N. obscurata in my experiments.  
Location within the laboratory setting did not statistically significantly influence 
burrowing depth, though there was a weak but consistent pattern based on location. 
Specimens of N. obscurata from Oregon burrowed an average of 2.2 cm and 1.1 cm 
deeper in Experiments 1 & 3 respectively than clams in Experiment 2, which were 
housed on water tables. The follow-up experiment similarly found clams housed on 
shelves burrowed an average of 2 cm deeper than those housed on water tables. This 
potential location-based variation in burrowing depth across experiments may be due to 
lighting differences. An inverse relationship between day length and burrowing depth 
was found for the clam Macoma balthica (Reading and McGrorty 1978). Though all the 
experiments had the same day-night durations, the lighting is brighter at the water table 
than at the shelves. Each experiment took place in only one location (shelf or table) so 
lighting or other location-specific factors should not have influenced findings of each 
given experiment. Moreover, patterns in the response of N. obscurata to risk cues were 
consistent across all experiments. Therefore, I remain confident that the response of 
clams to risk cues strongly influenced burrowing depth within each experiment.  
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Although clams used in these experiments had between 72 and 96 hrs 
(acclimatization period and experiment duration together) to reach their equilibrium 
depth it is possible that the clams did not have sufficient time to burrow. However, 
burrowing depths achieved under these experimental durations are within ranges I 
observed in the field and those observed by other researchers (Gillespie et al. 1999, Byers 
2002).  
  For species brought to a new area with suitable abiotic conditions, overcoming 
biotic resistance from local predators and competitors will facilitate establishment and 
spread. While I did not find evidence that first generation invaders expressed an inducible 
defense, as mimicked by exposing individuals just arrived from the native range to the 
recipient predators in tanks, this mechanism may still be important for the initial 
establishment of some species and for delayed success in other species once they learn 
the cues of local predators. Many non-native species experience a lag time between 
introduction and population growth resulting from small population sizes (i.e., Allee 
effect), and effectively responding to local predators may increase non-native survival 
and decrease the duration of this lag. Expanding the scope of research to include 
additional non-native species and offspring of previously naïve prey would allow for a 





Chapter 2: Assessing population increase as a possible 
outcome to management of invasive species 
Introduction  
Removal of individuals from a population can reduce intraspecific pressure (e.g., 
cannibalism, competition) enough that it results in an increase in the population’s growth 
rate and size relative to its pre-removal rate and size, producing a growth response known 
as overcompensation (De Roos et al. 2007, Abrams 2009). Not only a predicted outcome 
of numerous population models (Ricker 1954, De Roos et al. 2007, Abrams 2009), this 
phenomenon has been observed in some plants (Buckley et al. 2001, Pardini et al. 2009), 
insects (Nicholson 1954, Postma et al. 1994, Moe et al. 2002) and fish (Smith et al. 1996, 
Meyer et al. 2006, Weidel et al. 2007, Ohlberger et al. 2011, Thuesen et al. 2011). 
Thwarting management goals, efforts to reduce or eradicate invasive populations have, in 
some cases, paradoxically led to population increases as the result of overcompensation 
(Zipkin et al. 2009). For example, a seven year electrofishing effort to remove an 
invasive population of small mouth bass (Micropterus dolomieu) from Little Moose 
Lake, New York, resulted in a massive increase in juvenile abundance, causing a large 
increase in overall bass abundance (Weidel et al. 2007, Zipkin et al. 2008). Similar efforts 
to remove other invasive freshwater fish populations also coincided with increased 
juvenile abundance, causing an overall increase in population size (Smith et al. 1996, 
Meyer et al. 2006). Thus, a population’s response to management strategies will depend 
on its potential for overcompensation, along with demographic parameters. While 
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populations that overcompensate can successfully be eradicated or reduced, they require a 
more intensive, often more expensive, removal regime (Zipkin et al. 2009).  
To evaluate and advance efficient management options for invasions, it would be 
a tremendous benefit to know if a population is likely to overcompensate in response to 
removal efforts. Overcompensation is considered more likely to occur in populations with 
high fecundity and short maturation periods (Zipkin et al. 2009). Because 
overcompensation only occurs if a density-dependent process has been released from 
density-related suppression (De Roos et al. 2007), it follows that overcompensation 
would be more likely to occur if a population demonstrated stronger intraspecific 
interactions in general. It should be possible to use recorded life history data and field 
experiments that test for strong density-dependence in intraspecific interactions to 
determine a population’s potential for overcompensation in response to management. 
In this study, we apply an experimental approach to evaluate density-dependent 
processes and the likelihood of overcompensation for the European green crab, Carcinus 
maenas (Linnaeus, 1758; hereafter Carcinus). This crab species is a widespread marine 
invader, with established populations on both coasts of North America, the southern coast 
of Australia, Argentina, South Africa and possibly Japan (Carlton & Cohen 2003). 
Invasions by Carcinus have resulted in ecological and economic consequences, such as a 
decline in soft-shell clam fisheries in New England, and are a major concern of 
commercial, environmental, and government organizations (Glude 1955, Jamieson et al. 
1998, Yamada 2001). As a result, Carcinus has been a target for removal and control 
efforts on the east and west coasts of North America (DFO 2011). The early age of 
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maturation and high per-capita fecundity of Carcinus are similar to those of invasive 
freshwater species that appear to have overcompensated in response to removal (Table 
2.1). To our knowledge, the potential for overcompensation in removal efforts has not 
been evaluated for Carcinus or any other invasive marine species. 
Table 2.1 Maturation and fecundity data for Carcinus maenas and for fish species that showed signs of 
overcompensation in response to removal efforts. Carcinus maturation time and fecundity is comparable to 
the fish species, indicating it has the potential to overcompensate. The numbers in parentheses indicate the 








Carcinus maenas ≤ 2 years (1) 180,000 (2) NA 
Micropterus dolomieu 4-7 years (3) ≤ 2000 (4) Weidel et al. 2007 (5) 
Oreochromis mossambicus ~1-2 years (6) 50-1,780 (7) Thuesen et al. 2011(8) 
Salvelinus fontinalis 1-4 years (9)  18-17,000 (9) Meyer et al. 2006 (10) 




 (12)  Smith et al. 1996 (13) 
Footnote: Reference numbers from Table 2.1: 1. Broekhuysen 1936, 2. Yamada 2001, 3. Dunlop et al. 
2005, 4. Smith 1979, 5. Weidel et al. 2007, 6. Caskey et al. 2007, 7. Trewavas 1983, 8. Thuesen et al. 2011, 
9. Carlander 1969, 10. Meyer et al. 2006, 11. Lappalainen et al. 2003, 12. Kosior and Wandzel 2001,  
13. Smith et al. 1996  
 
Three potential causes of overcompensation in response to harvest are increases in 
adult reproduction rates, juvenile survival rates, and juvenile maturation rates 
(Govindarajulu et al. 2005, De Roos et al. 2007). An increase in adult reproduction can 
result if harvest efforts reduce adult competition or otherwise increase resource 
availability. Under most circumstances, it would be essential to examine how harvest will 
impact the reproductive potential of adults in the targeted population. However, this is 
not necessarily the case for those marine species with pelagic larval development; a wide 
variety of species which includes Carcinus. Because the pelagic larvae of Carcinus can 
recruit from other regional populations and larval recruitment is highly variable across 
years, changes in adult reproductive output do not necessarily affect the size or 
recruitment potential of the local population (Yamada 2001, Yamada & Gillespie 2008). 
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For this reason, and because removal efforts of crabs typically focus on adults, it is the 
response of juvenile Carcinus to harvest of adults that determines if overcompensation 
will occur. This is also likely true for other species with pelagic larvae, provided removal 
efforts target adults. 
Overcompensation can also result from increases in juvenile survival, triggered by 
increased mortality of their predators. Given that harvest efforts to manage invasive 
species focus on the target species, reductions in juvenile predation pressure as a response 
to removal efforts will only occur in populations that exhibit cannibalism. Cannibalism 
was the main driver of overcompensation in laboratory cultures of the flour beetle 
Tribolium (Dennis et al. 1997) and is a potential driver of overcompensation in bullfrog 
populations (Govindarajulu et al. 2005). Given that cannibalism has been observed 
among juvenile Carcinus and is common for brachyuran crabs, the infra-order to which 
Carcinus belongs, adult impacts on juvenile mortality may set the stage for 
overcompensation (Hines & Ruiz 1995, Moksnes et al. 1997, Moksnes 2004).  
The third potential cause of overcompensation, an increase in juvenile maturation 
rates, occurs when harvest results in increased food intake. Increased feeding rates occur 
when juvenile or adult harvest reduces competition for shared resources (De Roos et al. 
2007, Abrams 2009). Juvenile food intake may also increase if harvest occurs in 
populations with high rates of cannibalism. Many organisms, including crabs, will reduce 
their foraging in the presence of a predator, resulting in reduced growth (Yamada et al. 
1998, Grabowski & Kimbro 2005, Preisser et al. 2005). If juveniles perceive either adults 
or larger juveniles as predators, the removal of conspecifics may cause the remaining 
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juveniles to increase time spent foraging. Given that adults are far easier to detect and 
capture, they are the primary targets of most removal efforts. If adults are harvested, adult 
impacts on juvenile growth could increase the likelihood of overcompensation.  
Overcompensation is not a subtle phenomenon. At Little Moose Lake the average 
spring catch per unit effort (CPUE) of Micropterus dolomieu, more than doubled after 
removal, with juvenile CPUE tripling and adult CPUE reduced to 1/5
th
 of its pre-removal 
levels (Zipkin et al. 2008). One year after a pathogen outbreak decimated adult 
populations of Perca fluviatili in Windermere, UK, the juvenile percentage of total 
population biomass shifted from ~20% to ~80%, both because there were fewer adults 
and because of a strong increase in juveniles (Ohlberger et al. 2011). Exposure of food-
limited populations of Chironomus riparius to cadmium (Cd), despite its toxicity, 
doubled the population growth rate at 2.0 µg Cd/L and tripled the population growth rate 
at exposure to 5.6 µg Cd/L (Postma et al. 1994). If overcompensation were to occur in 
our study population of Carcinus, we would expect to see obvious, dramatic changes in 
population structure. Smaller changes may still impact population growth rates, but 
would not be symptomatic of overcompensation. 
The goal of this research was to develop and evaluate straight-forward lab 
experiments that can help determine the potential for overcompensation. These 
experiments were designed to test whether the impacts of adult crabs on either juvenile 
survivorship or juvenile growth in Bodega Harbor are indicative of overcompensation. 
Further, we evaluated whether our experiments were effective in predicting 
overcompensation using a two-part process. First, we made predictions based on the 
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outcomes of our experiments about whether adult removal would increase juvenile 
growth or survival. Second, we analyzed data from pre- and post-removal surveys in 
Bodega Harbor and two reference bays, looking for evidence of overcompensation 
occurring in Bodega Harbor once removal had started. The results of the analysis were 
examined in the context of our predictions to determine if our experiments accurately 




The majority of our work was undertaken at Bodega Harbor, California, USA 
(38°19'25.00" N 123°02'52.00" W). From mid-July 2006 through August 2009, Bodega 
Harbor was the site of an intensive effort to reduce the population of Carcinus in their 
introduced range. A self-sustaining population of Carcinus was discovered in Bodega 
Harbor in 1993, since which time it has altered community composition and significantly 
reduced the abundance of some native infauna and epifauna (Grosholz et al. 2000). The 
other locations related to this study are Tomales Bay (38°10’16.60” N 122°54’45.98” W) 
and Elkhorn Slough (36°49’00.61” N 121°44’49.21” W). While Carcinus are present at 
these locations, no effort has been made to remove or reduce these populations.  
 
 Collection and care of crabs 
Two species of crabs were collected for use in this study: Carcinus and 
Hemigrapsus oregonensis (Dana 1851; hereafter Hemigrapsus). Hemigrapsus is a species 
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of shore crab native to the Pacific Coast of North America. Adults are similar in size to 
juvenile Carcinus and are commonly preyed upon by Carcinus (Grosholz et al. 2000, de 
Rivera et al. 2011). All specimens were collected from Bodega Harbor and were housed 
with similarly sized conspecifics in holding tanks at the University of California Davis, 
Bodega Marine Laboratory. Each tank was supplied with a continuous flow of filtered 
seawater. Crabs (Carcinus and Hemigrapsus) were fed frozen anchovies in excess every 
other day while in captivity. Uneaten fish was removed after a minimum of 2 hrs or, if 
feeding was observed, when the crabs stopped feeding. All activities undertaken in this 
study met permit requirements for collection and followed guidelines for experimental 
use of and humane euthanasia and disposal of animals. 
For experiments with adults, unless otherwise stated, we used male Carcinus with 
a carapace width (CW) between 55-65 mm. This size range was the most common for 
adult males captured in Bodega Harbor and thus reflects the size of adults that juvenile 
green crabs were most likely to encounter in the field. In addition, based on field 
observations of behavioral interactions, we expected adult males to be more likely than 
females to cannibalize or otherwise impact juveniles. Only males were used to reduce 
variability across replicates and treatments if any sexual bias existed.  
 
Experiment 1: Adult consumption of juvenile conspecifics 
Two procedures were conducted in June-July 2010 to examine if adult Carcinus 
have a significant impact on juvenile survival in Bodega Harbor. First we experimentally 
determined if adult Carcinus would consume juvenile conspecifics in the absence or, 
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separately, in the presence of alternate prey. Sets of six enclosures were placed 25 m 
apart on the intertidal mudflat at Gaffney Point in Bodega Harbor. These enclosures were 
~38 L plastic tubs (~0.6 m * 0.4 m * 0.2 m) modified with screen-covered portholes to 
allow water to flow freely but prevent any organisms > 1 mm in diameter from entering 
or exiting the enclosure. The bottom of each enclosure was lined with approximately four 
inches of sediment. All sediment was collected from the mudflat and sifted through a 1 
mm sieve prior to use.  
To examine cannibalism by adults in the absence of alternate prey, ten juvenile 
Carcinus (15-25 mm CW, male or female), serving as potential prey, were added to each 
enclosure in sets of six enclosures blocked by time. For a given block, four randomly 
selected enclosures were assigned to our predator treatment, while the remaining two 
enclosures were assigned to our control treatment. One adult Carcinus was added to 
predator treatments, while no adult was added to control treatments. Adult crabs were fed 
then held without food for 48 hrs prior to being placed in enclosures to standardize 
hunger levels. All organisms were left in their designated enclosures for 24 hrs, after 
which time the adults were removed and the final status of each prey crab (alive or eaten) 
was recorded (n = 8). The same basic procedure was used to examine cannibalism in the 
presence of alternate prey, only instead of ten juvenile Carcinus as potential prey, five 
juvenile Carcinus (15-25 mm CW, male or female) and five adult Hemigrapsus (15-20 
mm CW, male or female) were added to each enclosure (n = 12). Alternate prey were 
added to better mimic field conditions. 
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Using R statistical software (R Development Core Team 2012), we created 
general linear models (GLMs) to compare the average number of prey consumed by an 
adult Carcinus for three scenarios: a) the average number of juvenile Carcinus versus 
Hemigrapsus consumed, b) the average number of prey crabs consumed given one versus 
two species of prey, and c) the average number of juvenile Carcinus consumed in the 
presence versus absence of alternate prey. An additional GLM was created to compare 
the average mortality of juvenile Carcinus in control versus predator treatments when 
only juvenile Carcinus were present. We originally included ‘enclosure position’ and 
‘time block’ as predictor variables for each GLM, but we removed both due to non-
significance in all models. The number of crabs consumed was the response variable for 
all models. Since crabs could only be classified as eaten or alive, the response variable 
for all of the models had a binomial distribution.  
For GLMs with binomial data, the data can be a vector or, as in our study, a two-
column matrix (Rodríguez 2007). For our two-column matrices, the first column was the 
number of prey crabs (juvenile Carcinus or Hemigrapsus) consumed per enclosure. The 
second column was the number of surviving prey crabs per enclosure. This process 
allows for an accurate assessment when the overall number of events is not consistent 
across all replicates. For example, the comparison of predation on juvenile Carcinus in 
the presence versus absence of alternate prey involves a difference in the number of 
juveniles that could have potentially been eaten (5 versus 10 respectively). The GLM 




Experiment 2: Juveniles survivorship across adult densities 
The second procedure examining the impact of adult Carcinus on juvenile 
survival was designed to determine if the short-term survivorship of juvenile Carcinus is 
related to adult density. Tethering can serve as a proxy for predation pressure rather than 
an absolute measure of it, and can help determine relative rates of risk among sites with 
similar habitat structure (Heck & Thoman 1981, Wilson et al. 1987, Everett & Ruiz 1993, 
Hines & Ruiz 1995, de Rivera et al. 2005). Our study sites consisted of four locations in 
Bodega Harbor and four locations in Tomales Bay, California. These sites were used 
because they encompassed the main areas with Carcinus and provided a range from low 
to high Carcinus abundance (de Rivera et al. unpublished data). At each site, we 
deployed ten juvenile Carcinus (15-30 mm CW, male or female) tethered to bricks with 
0.5 m of lightweight wire leader. The leader was then hooked to a harness of 20 lb test 
fishing line. At each site, the tethered crabs were deployed 25 m apart in areas without or 
cleared of algae and submerged aquatic vegetation and along a transect placed parallel to 
the shore at -0.5’ mean lower low water. The tethered crabs were retrieved after 24 hrs, 
and the final status of each crab was recorded as alive, obviously eaten, or missing. Only 
missing tether specimens that had remaining evidence of predation by another crab (part 
of carapace remained glued to tether) were categorized as eaten, while other tethers 
lacking crabs were classified as missing since the ultimate fate of the crab (eaten or 
escaped) could not be determined. However, tethered crabs never escaped when they 
were held in lab in this or other tethering surveys. Other indications of aggressive 
interactions (limb loss) were not analyzed but did not appear to vary across locations.  
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Upon tether retrieval, each crab was replaced with traps baited with anchovies, 
with trap type alternating between larger box traps (Fukui multi-species marine traps 
model FT-100) and smaller, modified minnow traps (increased one opening from 2.5 cm 
to 7.5 cm to increase ease of entry). This combination of trap types was deployed to allow 
capture of a wide range of crab sizes as larger Carcinus can be aggressive and result in 
trap avoidance by smaller individuals. Minnow traps possess smaller openings and mesh 
size than box traps, even with our modifications, excluding larger individuals while 
retaining smaller ones. The traps were recovered after 24 hrs and their contents recorded. 
The number of adult Carcinus (> 45 mm CW, male or female) trapped acted as a proxy 
for local adult abundance. We selected 45 mm as the minimum CW for classifying crabs 
as adults because mature females, those with abdomens characteristic of the adult 
morphology, collected in Bodega Harbor were this size or larger. These survey 
procedures (deployment of tethered juveniles with subsequent trapping) occurred twice, 
separated in time by one month, at each of our eight sites (n = 16). 
After testing for normality and homoscedasticity, we used linear regression to test 
the relationship between the abundance of adult Carcinus and number of tethered 
juveniles consumed. We used two classification schemes to analyze predation data of the 
tethered crabs with these regressions. In one we counted crabs that were verified to have 
been eaten (where some carapace remained attached to the tether) and missing crabs 
towards predation, while for the other we only counted as predation the crabs verified to 




Experiment 3: Juvenile foraging in the presence of an adult  
This experiment, conducted in June-July 2010, was designed to determine if the 
presence of an adult conspecific affects the foraging rate of juvenile Carcinus. 
Reductions in foraging rate may be indicative of negative responses to the presence of 
adult conspecifics which, if they lead to a slower maturation rate via decreased growth or 
delays in molting, would contribute to the overcompensatory potential of a population. 
Two of the 38 L enclosures used in Experiment 1 were placed in two separate flow-
through tanks (~190 L) at the Bodega Marine Laboratory and filled to approximately 10 
cm deep with sieved sediment collected from Bodega Harbor. Clams (Nutricola tantilla; 
Gould, 1853; hereafter Nutricola) to be used as food for the crabs were collected 24 hrs 
prior to use and kept in separate holding tanks. Nutricola are small (< 6 mm width) soft-
sediment bivalves native to western North America and are a common prey item for all 
sizes of Carcinus (Grosholz et al. 2000). Fifty Nutricola with shell length 2-3 mm were 
added to each enclosure. In addition to the clams, one of a matching pair of juvenile 
Carcinus (20-30 mm CW, male or female) was added to each enclosure. For this 
experiment, a matching pair refers to two juveniles of the same sex and size (CW to the 
nearest mm) that had been fed then held without food for 48 hrs to standardize hunger 
levels. The enclosures were then assigned to one of two treatments: adult presence or 
control. For the adult presence treatment, an adult Carcinus with banded claws was added 
to the enclosure (n =8). No additional crabs were added to our control treatment (n = 8). 
Adult claws were banded using duct tape and zip ties to prevent adults from consuming 
clams or the juvenile crab. The juveniles were then left to forage for 24 hrs, after which 
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time the number of clams consumed was recorded. After the data were log-transformed to 
meet assumptions of normality, we compared differences in the number of clams 
consumed in the presence versus absence of an adult conspecific by performing a 
Welch’s t-test. 
 
Experiment 4: Juvenile growth in the presence of an adult 
 This experiment, conducted in June-July 2011, was designed to determine if the 
presence of an adult conspecific affected the growth rate (mass and CW increases) of 
juvenile Carcinus. Twenty sediment-lined 19 L hydroponic pots were placed on water 
tables at the Bodega Marine Laboratory. Each pot contained one piece of PVC piping 
(7.5 cm long x 5 cm diameter) to serve as a refuge. Of our twenty pots, five were 
randomly assigned to each of four treatments: a) a single juvenile Carcinus, b) a juvenile 
housed with a second, larger juvenile (< 10 mm CW wider), c) a juvenile exposed to the 
effluent (seawater mixed with excrement and any chemical signals) of a banded adult 
conspecific, and d) a juvenile housed with a banded adult. The focal juveniles ranged 
from 0.07-0.84 g in mass and 7-17 mm CW. The different sizes were equally represented 
across the treatments. Crab effluent was added to the seawater for the effluent treatments 
by having it first flow through a separate 4 L hydroponic pot housing a banded 
conspecific adult. All adults were banded to prevent cannibalism and in the case of the 
effluent treatment, to ensure consistency across treatments. Adults were replaced every 
10 days because it is unlikely juveniles would be continuously exposed to the presence of 
any one adult in the field, and co-habiting individuals might shift interactive behaviors 
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over time. All crabs, including adults, were fed anchovy flesh daily for the duration of the 
experiment, with excess removed after 3 hrs. Anchovy flesh was used in lieu of Nutricola 
because the banded adults could feed on the anchovy flesh despite their banded claws by 
pushing the flesh to their mandibles, which was important over the long duration of the 
experiment. The juveniles were allowed to grow for 30 (n = 3 replicates) or 21 (n = 2) 
days. The replicates and treatments ran concurrently with two replicates starting one 
week later due to low numbers of Carcinus juveniles in Bodega Harbor. Mass and CW 
were recorded for each juvenile prior to and at the completion of the experiment. After 
testing for normality and homoscedasticity it was determined that it was appropriate to 
perform Analysis of Variance (ANOVA) tests to examine differences in percent mass and 
CW increase across treatments. A Student’s t-test was performed to determine if trial 
duration influenced juvenile growth.  
During the course of this experiment, we conducted four 2 hr periods of 
behavioral observations of all enclosures using instantaneous scan sampling to examine 
crab behavior across treatment. The numbers of observations were identical across all 
replicates regardless of time in captivity. Status of each juvenile crab was noted every 5 
minutes and recorded. Status options consisted of active (feeding, moving, and 
interacting with other crabs) or inactive (burrowed in sediment, hiding in refuge, and 
immobile on surface of sediment). Differences in activity across treatments were 






To evaluate the applicability of the experiments to assessing the likelihood of 
overcompensation in Bodega Harbor, we predicted the likelihood of overcompensation 
from removal based on our experimental results. The accuracy of our prediction was then 
evaluated using data collected from annual Carcinus surveys. Our survey data consisted 
of annual Carcinus catch from survey events in Bodega Harbor, Tomales Bay, and 
Elkhorn Slough that occurred in 2004-2009. During each year of the surveys, we 
simultaneously deployed a row of traps at three sites located throughout each bay (> 800 
m apart). Surveys in 2006-2009 were performed using standardized protocols, with 10 
traps deployed at each site and each survey being three days in duration. Surveys in 2004-
2005 occurred prior to the development of these protocols, and as a result trap numbers 
vary from 5 to 10 at each site and surveys were only one day in duration. Traps were the 
same as those used in Experiment 2 (alternating box and minnow traps) across all years. 
Each day of the survey the number, size, and sex of Carcinus in each trap were recorded.  
Because the overall abundance of Carcinus varied greatly across bays, we chose 
to examine the number of juveniles captured relative to adult green crabs captured during 
annual surveys rather than juvenile counts. Crabs caught with CW < 45 mm were 
classified as juveniles while larger crabs were classified as adults, giving crab size class a 
binary outcome. If overcompensation occurred, the number of juveniles caught relative to 
adults caught should be significantly higher post removal in Bodega Harbor compared to 
the other bays.  
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We tested the annual survey data for evidence of overcompensation using a 
modified BACI (Before/After/Control/Impact) design. Removal efforts began after our 
2006 surveys, so data from 2004-2006 acted as our Before removal period. Removal 
efforts continued through 2009, so data from 2007-2009 acted as our After removal 
period. Bodega Harbor was the only bay where removal efforts occurred and acted as our 
Impact bay (hereafter referred to as Removal). Tomales Bay and Elkhorn Slough, where 
no removal efforts occurred, acted as our Control bays (hereafter referred to as 
Reference). While there are substantial hydrologic and geomorphic differences between 
Bodega Harbor and our reference bays, Tomales Bay and Elkhorn Slough provide the 
best comparisons to Bodega Harbor for two reasons. First, both have had established 
populations of C. maenas for a prolonged period of time (pre-2004 to present). Second, 
both are near Bodega Harbor, and Tomales Bay is hydrologically connected with it. The 
Elkhorn Slough habitat and Carcinus population are more similar to Bodega in terms of 
size and gradient of marine influence than other area bays.  
A generalized linear mixed effect model (GLMM) was used to test if relative 
juvenile abundance at our Removal bay (Bodega Harbor) changed significantly after 
removal compared to our Reference bays (Tomales Bay and Elkhorn Slough). The 
GLMM is similar in nature to the GLMs constructed for our predation trials (Experiment 
1), with a binomial response variable made of a two-column matrix. For this model, the 
first column consisted of the number of juvenile Carcinus (CW < 45 mm) caught at a site 
in a given bay during a given annual sampling event, while the second column was the 
number of adult Carcinus caught. Unlike GLMs, the GLMM allows the inclusion of 
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random effects in addition to the fixed-effects of our linear predictor. Bay Treatment 
(Removal or Reference), Period (Before or After), and Bay Treatment*Period interaction 
were fixed-effect parameters within the model. Bay ID (Bodega Harbor, Tomales Bay 
and Elkhorn Slough), Year (2004-2009), Site (within each bay), and the Bay ID* Year 
interaction were included in the model as random effects. To compensate for variation in 
trapping effort (number of traps, duration of survey) prior to 2006, trapping effort was 
added to the model as a weight function. The weight function was created by scaling the 
counts from each year/site combination to the maximum trapping effort. For example, 
crab counts for a Bodega Harbor site in 2006 which consisted of 30 trap days (10 traps 
over 3 days) would remain unchanged. In contrast, crab counts for some Bodega sites in 
2004 consisted of 6 trap days (6 traps over 1 day) so they were multiplied by 5 and 
rounded to the nearest whole number. If overcompensation occurred at our Removal bay 
as a result of our removal efforts, the Bay Treatment*Period interaction should have a 
significant relationship with changes in juvenile abundance relative to adult abundance 
(our predictor).  
We determined the sensitivity of our GLMM for detecting impacts of removal by 
performing a simulation-based analysis of the relationship between statistical power of 
our original GLMM and effect size (increase in juvenile percentage of Carcinus in 
Bodega Harbor post-removal vs. pre-removal relative to reference bays). Simulated 
datasets were constructed consisting of two parameters: catch total (total number of crabs 
caught) and juvenile percentage (percentage of total catch consisting of juvenile crabs). 
Parameter estimates were constructed by fitting observed values for each bay-year 
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combination to a given distribution and then randomly pulling values from those 
distributions. Our observed data for total catch, being over-dispersed count data, were fit 
to a negative binomial distribution, while data for percent juvenile were fit to a beta 
distribution. To evaluate the impact that increasing effect size would have on the 
analysis, the expected mean juvenile percentage was systematically increased by a fixed 
amount (0-80%, at intervals of 5%) for each year for Bodega Harbor. For example, if the 
fixed juvenile percentage increase was 20% and the randomly selected value for the 
distribution was 40%, then the juvenile percentage in Bodega Harbor for our simulated 
dataset was 60%. The estimated variance of spread of the data remained the same, based 
on each year. For each fixed increase in juvenile percentage we generated 1,000 data sets 
(16,000 in total). We then re-ran our GLMM with the simulated datasets and the percent 
of runs resulting in significant results were calculated as our measure of power for two 
scenarios: α = 0.05 and α = 0.10. It should be noted that the data are highly variable and 
as many as 5% of the runs could not converge on a good solution, most likely due to 
random simulations that included a high proportion of zero totals. 
 
Results 
Experiment 1: Adult consumption of juvenile conspecifics 
Adult Carcinus rarely cannibalized juveniles. Adults consumed juveniles in 3 of 8 
replicates when only Carcinus were present, and in 2 of 12 when alternate prey was 
present. Adults housed only with conspecific juveniles consumed few juveniles (mean ± 
1 SE: 0.5 ± 0.27). In fact, when only Carcinus was present, cannibalism rates were so 
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low that there was no significant difference in juvenile mortality between predator and 
control treatments (z = 0.003, df = 11, p > 0.99). Presence of heterospecific prey did not 
significantly affect the number of juvenile conspecifics consumed by adult Carcinus 
(0.25 ± 0.18, z = 0.00, df = 19, p > 0.99). When alternate prey was present, adult 
Carcinus consumed significantly more Hemigrapsus (1.92 ± 0.29) than conspecific 
juveniles (z = 3.8, df = 23.00, p < 0.001). Ignoring prey species identity, adults consumed 
approximately four times as many prey crabs when alternate prey were present than when 
only Carcinus were present (z = 2.97, df = 19, p = 0.003), suggesting adults in Carcinus 
only treatments were likely not sated. 
 
Experiment 2: Juveniles survivorship across adult densities 
Contrary to what would be expected with overcompensation, there was a non-
significant, negative relationship between mortality and density, with fewer tethered 
Carcinus eaten when and where Carcinus density was higher. This was the case when 
verifiably eaten or missing tethered crabs were included (Figure 2.1, juveniles consumed 
= 3.28 - 0.07*(# of adults trapped), r
2 
= 0.09, df = 14, p = 0.27, power = 0.36) or when 
only tethers verified as eaten were included (juveniles consumed = 2.3 - 0.03*(# of adults 
trapped), r
2 
= 0.04, df = 14, p = 0.46, power = 0.49). Carcinus ranging in size from 20 
mm – 76 mm CW were collected during post-tether trapping efforts, suggesting habitat 
overlap between adults and juveniles at our study sites. Although no statistical analysis 
was performed, there appeared to be an extremely weak, negative relationship between 





Figure 2.1 Number of tethered juvenile (< 30 mm width) Carcinus that were presumed eaten (confirmed 
eaten or missing) across adult Carcinus densities. No significant relationship was found between adult 
density and consumption of juvenile Carcinus (juveniles consumed = 3.28 - 0.07*(# of adults trapped),  
r
2 
= 0.09, df = 14, p = 0.27, power = 0.36). 
 
Experiment 3: Juvenile foraging in the presence of an adult 
When in the presence of adult Carcinus, juvenile conspecifics in enclosures 
consumed few Nutricola (mean ± 1 SE: 3.4 ± 1.08). When adults were absent, 
consumption of Nutricola by juveniles was significantly higher and tenfold greater (34.2 
± 7.65, t = -4.45, df = 4, p = 0.002) than when adults were present.  
Experiment 4: Juvenile growth in the presence of an adult 
The juvenile growth over 21 to 30 days differed across treatments. There was a 
marginally significant difference in percent mass increase (F = 2.85, df = 3, p = 0.07, 
power = 0.68) and a significant difference in CW increase (F = 3.99, df =3, p = 0.03, 
power = 0.83) across treatments (Figure 2.2). However, the trend of the results was in the 
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opposite direction than would be expected if there were adult suppression of juvenile 
growth. Juveniles in the treatment with effluent had the largest average mass (132.0% ± 
7.9%) and CW (36% ± 0.06%) increase while those in the two-juvenile treatment had the 
smallest average increase for mass (51% ± 67.6%) and CW (11.6% ± 16.0%). There was 
no significant difference in juvenile growth between in trials lasting 30 days versus 21 
days (t = -1.16, df = 15.16, p = 0.27). 
The lower average growth of specimens in the two-juvenile treatment was driven 
by the fact that three of the specimens, including two from the 30 day replicates, did not 
molt while in captivity. Only one other specimen, one from the single-juvenile treatment, 
failed to molt. The size of individuals that failed to molt ranged from 8-15 mm CW; other 
individuals within this size range successfully molted. All other specimens molted once. 
Behavioral observations revealed the crabs in all treatments spent the majority of 
their time inactive, typically buried or in a refuge. Time observed active varied 
significantly across treatment (Fisher’s test p < 0.001). Juveniles in the two-juvenile and 
the juvenile-with-adult treatments were active during more observations (15/750 and 
20/750 observations respectively) than individual juveniles or those exposed to effluent 
(2/750 for both). Antagonistic interactions were only observed in the two-juvenile 
treatment; however, these interactions were observed outside of the instantaneous scan 
sampling. Adults did not visibly respond to or behave aggressively towards juveniles 




Figure 2.2 Average (mean ± 1 SE) percent mass increases of juvenile Carcinus for each treatment. There 
was a marginally significant difference in percent mass increase between the juvenile plus effluent 
treatment (mean ± SE: 132.0% ± 7.9%) compared to the two-juveniles treatment (51% ± 67.6%, F = 2.85, 
df = 3, p = 0.07, power = 0.68). These patterns were similar for CW increases across treatments, with a 
significant difference between the adult plus effluent (36% ± 0.06%) and the two-juvenile treatments ( 
11.6% ± 16.0%, F = 3.99, df = 3, p = 0.03, power = 0.83). 
  
Assessing overcompensation 
Our analysis of yearly survey data detected no evidence of overcompensation 
occurring in Bodega Harbor (Figure 2.3). The results of our GLMM showed no 
significant interaction between Bay Treatment (Removal and Reference) and Period 
(Before and After removal occurred) (z-value = -0.23, p = 0.82), suggesting that the 
Carcinus population in Bodega Harbor did not overcompensate in response to the 
removal of adult crabs. Looking at the individual effects of our predictors, there was no 
significant difference in the abundance of juveniles relative to adults across the Bay 
Treatment (Removal or Reference (z = -1.18, p = 0.24), but there was a difference across 
Periods (Before or After removal) (z = 2.78, p = 0.005). Crabs trapped during our survey 
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events ranged from juveniles < 10 mm CW to adults 92 mm CW. As such, we are 
confident that our survey methods captured the full size range of crabs present at our 
sampling locations. Overall abundances of Carcinus in Bodega Harbor (daily per site 
CPUE of all age classes) failed to increase post-removal (pre-removal mean ± SE: 2.6 ± 
1.01 crabs versus post-removal 1.1 ± 0.2 crabs).  
 
Figure 2.3 Average Carcinus daily catch per unit effort (CPUE) per site during annual systematic survey 
events at Removal (Bodega Harbor) and Reference (Elkhorn Slough, Tomales Bay) bays. The vertical line 
denotes the start of removal efforts, which began after the 2006 sampling. Carcinus catch is divided by age 
class to examine changes in juvenile abundance (light gray portion of bars) relative to adult abundance 
(dark gray portion of bars) across period (Before or After removal) and across bays (Removal or 
Reference) and interactions between period and bay. Relative abundances of juveniles and adults varied 
significantly across period (z = 2.78, p = 0.005) but not across bay (z = -1.18, p = 0.24). If 
overcompensation occurred in Bodega Harbor as the result of removal efforts, I would expect to see 
significant interactive effects between period and bay. Because this was not the case (z = -0.23, p = 0.82), 
there was no evidence that overcompensation occurred. 
 
The results of our simulation-based power analysis suggest that, given the high 
natural variability of the data, in order for us to have detected a significant increase of 
juveniles in Bodega Harbor post-removal compared to our reference bays, the juvenile 
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percentage of our catch would need to be > 70% (α = 0.05) or > 65% (α = 0.1) higher 
than what we observed in our survey data. To detect changes in juvenile abundance (with 
α = 0.05), our post removal populations would have needed to be ~73-100% juveniles 
(See Appendix B Figure B.1).  
 
Discussion 
Our results indicate that adult Carcinus have only weak intraspecific impacts on 
juvenile conspecifics. Adults cannibalized very few juveniles and, when it was available, 
consumed alternative prey in far greater numbers. Additionally, adult density did not 
have a negative relationship with the survival of tethered juveniles. Adult presence 
reduced the foraging rate of juveniles in 24 hr trials, which if unchanged over time could 
lead to a reduction in juvenile growth. However, when exposed to adults over a longer 
period of time (30 or 21 days) juveniles grew larger than ones housed with other 
juveniles. Based on these experimental findings, we concluded that the removal of 
Carcinus from Bodega Harbor would not be likely to result in overcompensation. This 
conclusion was further supported by analysis of annual survey data, finding no evidence 
of large increases in juvenile Carcinus abundance relative to adult abundance in Bodega 
Harbor post-removal compared to our Reference bays.  
Cannibalism on juveniles did not appear to be sufficiently high for a decrease in 
adult abundance to greatly increase juvenile survival. Adult cannibalism of juveniles was 
so infrequent that, when only juvenile Carcinus were available as prey, there was no 
significant difference in juvenile mortality between our control and predator treatments. 
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Additionally, there was no difference in cannibalism rates between treatments with and 
without alternate prey. However, when alternate prey was present adult predation rates 
increased dramatically due to consumption of Hemigrapsus. Previous work by Grosholz 
et al. (2000) found similar trends with adult Carcinus housed with a single prey crab 
consuming Hemigrapsus at a much higher frequency than juvenile conspecifics. Whether 
observed differences in predation rates are due to predator preference or differences in 
ease of capture between species, cannibalism rates of adult Carcinus on juveniles were 
very low in the presence or absence of similar alternate prey. 
Consistent with our findings of low cannibalism rates by adult Carcinus, increases 
in adult abundance did not have a strong negative impact on the survival of tethered 
juveniles. In fact, predation on juveniles was highest at locations where adult abundance 
was low. While our statistical power was low, if adults’ impacts on juvenile Carcinus 
were sufficient to trigger overcompensation, we would expect adults to have a large, 
easily detectable negative effect on juvenile survival. Given that predation rates on 
enclosed or tethered animals can be much higher than rates on unrestrained animals in 
nature, our observations of cannibalism and mortality of tethered crabs are likely 
overestimates (Peterson & Black 1994, Zimmer-Faust et al. 1994). Consequently, 
intraspecific pressures by adults are probably even lower in the wild than in this study. 
However, it should be noted that even our highest adult Carcinus density (31 adults 
caught) was relatively low. As such, survival of tethered juveniles may be lower at very 
high adult densities. Nonetheless, based on these results, we conclude that the relatively 
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low predation pressure on juvenile Carcinus by adult conspecifics is not indicative of 
likely overcompensation in Bodega Harbor.  
Adult presence had strong short-term impacts on juvenile Carcinus by reducing 
foraging rates, a common response of organisms in the presence of a known predator 
(Trussell et al. 2003). This reduction in foraging rates suggests juvenile Carcinus may 
perceive adult conspecifics as potential predators, which was not expected given our 
observations of minimal cannibalism. The reduction in foraging by juveniles could, 
however, be a universal response to the presence of a larger crab, regardless of species. 
Whether a response to adult conspecifics specifically or larger crabs in general, to 
contribute to the overcompensatory potential of the population reduction in juvenile 
foraging would require frequent encounters with adults in the field or low prey density 
(typically not the case in Bodega Harbor) that result in the reduction of juvenile 
maturation rates via long-term reductions in growth or delays in molting. 
Contrary to our short-term foraging experiments, juveniles exposed to adults for 
longer periods showed no evidence of severe reductions in growth or delays in molting. 
While juveniles did not experience reduced mass increases or fewer molts when housed 
with adults or exposed to their effluent, the majority of juveniles in our two-juvenile 
treatment failed to molt. Work by Moksnes et al. (1998, 2004) found larger juveniles 
frequently cannibalize smaller conspecifics. Additionally, the only antagonistic 
interactions we witnessed during our behavioral observations were between crabs in the 
two-juvenile treatment. These antagonistic interactions may indicate higher levels of 
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competition among juveniles than between juveniles and adults, which in turn could 
explain our observations of delayed molting. 
There are several possible explanations for the contradictory responses of 
juveniles to adult presence observed in our experiments. Our 21 to 30 day timeframe 
provided only a short growth period for organisms like crabs with episodic growth, so it 
may be our observational period was too brief to detect impacts of adult presence. 
However, this concern is somewhat mitigated by the fact that juvenile activity was not 
reduced in the presence of an adult conspecific. Alternatively, after 3-4 weeks of 
exposure the juveniles habituated to the presence of adult Carcinus. The replacement of 
adult specimens every 10 days reduces this possibility, but the juveniles may have 
become habituated to the presence of adults in the absence of cues from damaged 
conspecifics. Chemical cues from damaged conspecifics can reduce feeding and growth 
of marine organisms and elicit avoidance behaviors among crabs (McKillup & McKillup 
1992, Yamada et al. 1998, Ferner et al. 2005, Moir & Weissburg 2009, Freeman et al. 
2009). Continued exposure to adults without these chemical cues may cause juveniles to 
prioritize foraging over safety. The contradictory responses of juveniles to adult presence 
could also result from reduced effects from artificially low growth due to experimental 
conditions. All specimens, however, were fed to excess and housed in flow-through 
seawater pumped from Bodega Bay (hydrologically connected to the area where the 
Carcinus were collected), so it is unlikely food or water quality (salinity, temperature) 
adversely affected their growth. Additionally, while the intermolt period for Carcinus 
varies with size and water temperature, the observed molting frequency of crabs in this 
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experiment is similar to that observed in other populations (Yamada 2001). Therefore it 
appears unlikely that holding conditions themselves resulted in reduced growth of 
juveniles in our experiment. Finally, juveniles may simply not identify adult conspecifics 
as a significant threat, resuming foraging after a brief reduction in activity.  
The contrast of adult presence reducing short-term foraging but not reducing 
long-term growth makes it difficult to determine the impacts of adult presence on 
juvenile growth in Bodega Harbor. Clearly, however, the response to adults is not 
dramatic over time as no strong impacts were detected when juveniles were exposed to 
adults but were detected when exposed to other juveniles. Based on these results, we 
conclude the effects of adult Carcinus presence on juvenile growth are not indicative of 
possible overcompensation in Bodega Harbor 
Contrary to our findings, Bückman and Adelung (1964) found that juvenile 
Carcinus housed with larger conspecifics delayed molting by 1/3
rd 
compared to the 
normal molt interval. Bückman and Adelung used a juvenile size range similar to our 
own (4-16 mm CW and 7-17 mm CW respectively) but provided few details about the 
study. A possible explanation for the divergent results is that the larger conspecifics used 
by Bückman and Adelung were larger juveniles rather than adults. This would be in 
keeping with our observations that the majority (3 of 5) of the juveniles housed with 
larger juveniles failed to molt within the timeframe of the experiment whereas juveniles 
alone or in the presence of an adult or its effluent increased in mass and CW. 
Our analysis of Carcinus caught during our annual surveys found no evidence that 
overcompensation occurred in Bodega Harbor. The similarity in relative juvenile 
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abundance across location, even as these abundances change over time, suggests removal 
efforts in Bodega Harbor did not affect local juvenile recruitment. The high inter-annual 
variability coupled with the similar relative abundances of juveniles across bays support 
the hypothesis that juvenile Carcinus recruitment in this region is driven not by biotic 
conditions unique to location, such as intraspecific pressures, but rather by regional 
abiotic conditions (Shanks & Roegner 2007, Yamada & Kosro 2009). This is in line with 
observations by Yamada & Kosro (2009), who found that recruitment of juvenile 
Carcinus in Oregon and Washington were correlated with a number of regional abiotic 
conditions including winter water temperatures in bays surveyed, timing of the spring 
transition (i.e., shift in wind direction along the north-eastern Pacific resulting in shift 
from downwelling to upwelling) and weak southward shelf currents. It may be that for 
non-native species with pelagic larvae, such as Carcinus, overcompensation can only 
occur in years where abiotic conditions are favorable to juvenile recruitment. If the 
system were recruitment limited, overcompensation may fail to occur because of 
inadequate supply of juveniles. However, because there was fairly high recruitment in the 
removal and reference bays after removal began (2007 and 2009) it seems unlikely that 
the lack of overcompensation in Bodega Harbor was due to low recruitment.  
The sensitivity to detect changes in juvenile abundance in Bodega Harbor was 
reduced by regional increases in juvenile abundance and high inter-annual variability in 
catch across locations. With less spatio-temporal variability, statistical differences could 
be found with a smaller effect size in the removal bay. However, even a statistical 
increase in juvenile abundance in our removal bay compared to our reference bays after 
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removal would not necessarily indicate that overcompensation had occurred. 
Overcompensation occurs when population size increases as a result of the increase in the 
number of juveniles (Smith et al. 1996, Meyer et al. 2006, Weidel et al. 2007, Thuesen et 
al. 2011). As overall abundances of Carcinus in Bodega Harbor not only failed to 
increase but in fact declined post-removal, our data do not support the conclusion that 
overcompensation occurred in Bodega Harbor. 
The results of our simulation-based analysis suggest that the juvenile percentage 
of the Bodega Harbor post-removal populations would have to be substantially higher 
than our observed values, comprising ~68-100% of the total population (when α = 0.05), 
in order for our model to detect change. However, other removal efforts suggest this 
scenario is not unreasonable as the result of an overcompensatory removal effort. Two 
years into the removal of tilapia (Oreochromis mossambicus), individuals < 1 year old 
increased by 366% and made up 95% of all catch, up from 24% (Thuesen et al. 2011). 
Similarly, removal of brook trout, Salvelinus fontinalis, resulted in a 789% increase in 
individuals < 1 year old, comprising an estimated 74% of the population, up from 16% at 
the beginning of electrofishing efforts (Meyer et al. 2006). If overcompensation occurred 
in Bodega Harbor with similar impacts, our model would be capable of detecting the 
ensuing demographic shift.  
While there was no evidence that overcompensation occurred in Bodega Harbor, 
variations in population and habitat structure that affect conspecific interactions may 
allow overcompensation to result from other removal efforts. Bodega Harbor had a large 
Carcinus population (estimated at ~14,000 in 2006) there are other populations of 
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Carcinus with higher densities on the Pacific Coast (de Rivera et al. 2010, Duncombe 
2014). These high-density populations could experience comparatively higher encounter 
rates and reduced food availability, which in turn could result in higher rates of 
cannibalism and competition (Fox 1975). Harvest could, through removal of intraspecific 
competitors and predators, have a greater potential impact on higher density populations. 
High density populations may also be indicative of high recruitment potential, which 
would result in rapid responses to any release in pressure on juvenile survival or growth.  
The goal of this research was to develop an experimental framework that could be 
used to assess the overcompensatory potential of invasive populations prior to removal 
efforts. Using multiple approaches, our results indicated that cannibalism, a potentially 
powerful driver of overcompensation, was not of sufficient intensity to likely result in 
overcompensation in this population. Our experiments examining adult impacts on 
growth were less informative because they were contradictory. We suggest long-term 
growth studies should be implemented initially, with the life history of the organism 
taken into account to determine the appropriate trial duration. If adult presence is found 
to impact growth, then an examination of the mechanistic drivers (i.e., reductions in 
foraging) should be implemented. Finally, while potential impacts of adult removal on 
adult reproductive output were not examined for Carcinus, we recommend future 
assessments examine how adult competition may limit per capita reproduction.  
This project was the first attempt we know of to use field experiments to 
determine if an invasive population would overcompensate as a result of removal efforts. 
Although the life history traits of Carcinus suggested overcompensation was possible, 
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our experiments suggest that the intraspecific pressures of adults on juvenile Carcinus in 
the Bodega Harbor population did not significantly affect juvenile survival and growth. 
While our approach has potential broad application to other populations and species, our 
results can only be confidently applied to the Bodega Harbor removal efforts. Variations 
in crab density, resource availability, and habitat structure will vary across populations, 
altering intraspecific interactions and thus the population’s response to harvest. 
Examining the overcompensatory potential of a population prior to removal will allow for 
more informed planning, increasing the chances of successful mitigation efforts or 
avoiding resource expenditure on unfeasible efforts. 
 
 This chapter is a reprint of Turner et al. (2016) of which I am the original lead 





Chapter 3: Outcomes of aquatic invasive species management efforts help  
determine the cause of compensatory population growth 
Introduction 
Understanding density-dependent recruitment and mortality is fundamental to 
predicting population response to changes in abundance. For populations where negative 
density-dependent processes (e.g., cannibalism, competition) increase with abundance, an 
increase in mortality can result in an increase in a population’s recruitment rate (Abrams 
2009, Zipkin et al. 2009, Schröder et al. 2014). This increase in the number of individuals 
recruiting into a population, also known as compensation, can result from natural 
increases in mortality (e.g., disease, predation) or through anthropogenic harvest (Boyce 
et al. 1999, Ohlberger et al. 2011). This compensatory response to harvest is a double 
edged-sword for natural resource managers. Stage-specific harvest efforts have been used 
to facilitate the recovery of an at-risk predator population by increasing prey abundance 
via harvest (Persson et al. 2007) and stimulate individual growth rates in stunted 
populations (Donald & Alger 1989). Additionally, compensation is a critical component 
for in the determination of sustainable harvest limits for fisheries (summarized in Rose et 
al. 2001, Myers 2002). In contrast, efforts to remove nuisance species can be derailed 
when compensatory recruitment matches or exceeds harvest rates (Zipkin et al. 2008, 
2009). While rarer, compensatory recruitment can result in the population exceeding its 
pre-removal abundance in a phenomenon called overcompensation (Abrams 2009, Zipkin 
et al. 2009, Schröder et al. 2014). Given the potential for compensation to adversely 
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affect removal efforts, improving our understanding of the circumstances under which 
compensation could occur would be of great benefit to managers.  
In order for a removal effort to cause compensatory recruitment in a population, a 
density-dependent process must be released from density-related suppression (Rose et al. 
2001, De Roos et al. 2007). Any number of changes to density-dependent processes could 
facilitate this process including increased adult reproductive output or juvenile maturation 
rates resulting from a reduction in competition, increased survival of juveniles through 
maturity due to reductions in cannibalism, or a combination of processes (Rose et al. 
2001, Zipkin et al. 2008). However, the outcome of removal efforts can vary even among 
populations of the same species.  
For example, brook trout, Salvelinus fontinalis (Mitchill, 1814), are known to 
have density-dependent recruitment (Donald & Alger 1989). Efforts to manage 
populations of S. fontinalis have resulted in successful eradications (Gresswell 1991, 
Knapp et al. 2007) and reductions (Thompson & Rahel 1996, Koenig et al. 2015). By 
contrast, abundance remained relatively constant (Earle & Lajeunesse 2007) or increased 
(Paul et al. 2003, Meyer et al. 2006) during efforts to remove other populations. While 
researchers reported signs of compensation for some unsuccessful removal efforts (Paul 
et al. 2003, Meyer et al. 2006) this was not the case for all unsuccessful efforts (Koenig et 
al. 2015). Thus, in order to accurately predict the response of a given population to 
harvest, knowledge of the potential for density-dependent interactions must be 
supplemented with details specific to the population or location. 
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A population’s response to changes in abundance can be site-specific, even 
among populations of the same species, suggesting that characteristics of a removal site 
influence the likelihood of a compensatory response resulting from removal efforts (Rose 
& Cowan 2000). Size of the removal area will influence the effort required to find and 
remove individuals from a given location (Rejmánek & Pitcairn 2002). Habitat 
heterogeneity, and thus spatial variation in resource availability, varies with habitat size 
(Gotelli 2008) and therefore habitat size should affect density-dependent processes 
(Persson et al. 2000, Forrester & Steele 2004). Connectivity of a removal site may also 
influence the compensatory potential of a population by altering emigration and 
immigration into the population, as well as altering larval and/or juvenile retention 
(Cowen et al. 2000, Turgeon & Kramer 2016). 
 The removal techniques employed by managers could also influence the response 
of populations targeted for removal. Removal efforts that employ physical methods, such 
as electrofishing and gillnetting, require a substantial investment of time and effort and 
can be size-selective (Sutherland 2006, Halfyard 2010). Chemical treatments, such as the 
application of rotenone, are fast acting and target all age classes of a target species, 
although generally at the cost of high mortality among non-target species as well (Sigler 
& Sigler 1990, Halfyard 2010). Biocontrol efforts, such as stocking predators in the target 
site, continue beyond the initial application but typically aim for population reduction 
rather than eradication (Simberloff 2014).  
Predicting the compensatory potential of a given population can be difficult. 
Understanding the natural variance of the abundance and demographic characteristics of 
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a given population requires years, if not decades, of monitoring data (Rose et al. 2001). 
Models and experimental manipulations of populations can provide insight on specific 
locations and populations, but are problematic to expand their conclusions to a broader 
scale (Rose et al. 2001, Myers 2008). However, the compensatory potential of a specific 
population can be quantified and understood given sufficient time, data, and knowledge 
of biological interactions (Rose et al. 2001).  
While long-term examinations of a population’s compensatory potential may be 
possible for populations where the goal is to maintain or increase abundance (e.g., 
fisheries) this is not the case for populations of invasive species for which the goal is 
eradication or reduction. Best management practices for invasive species management 
promote rapid removal after detection to reduce impacts and increase the likelihood of 
eradication (Hobbs & Humphriest 1995, Myers et al. 2000, Rejmánek & Pitcairn 2002). 
As a result, long-term studies or analysis of these populations are generally counter to the 
goal of eradication. Efforts have been made to develop procedures to assess a populations 
compensatory potential (Turner et al. 2016), but may not be feasible, particularly if 
multiple populations must be examined within a short time frame. However, typically 
available characteristics of a removal effort (characteristics of the removal site, 
methodology of the removal effort, etc.) could allow for a more rapid assessment of 
compensatory risk. To examine the broad-scale patterns of compensation and its impact 
on removal efforts, I conducted a synthesis of efforts to remove invasive aquatic animals. 
While other studies have summarized efforts to eradicate or remove invasive aquatic 
animals (Meronek et al. 1996, Rayner & Creese 2006, Locke et al. 2009, Freeman et al. 
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2010, Halfyard 2010, Kolar et al. 2010, Britton et al. 2011, Gherardi et al. 2011, Nico & 
Walsh 2011), mine is the first to examine removal efforts through the lens of 
compensation. I aimed to examine the relationship between compensation and removal 
success across a diverse assortment of locations and removal strategies. 
The primary objectives of this review were twofold. First, I aimed to examine the 
relationship between compensation and removal efforts in aquatic systems in terms of the 
frequency with which compensation occurs. Removal efforts showing evidence of 
compensation were then examined for any potential impact of compensation on removal 
effort outcome. Second, I assessed the relationship between compensation resulting from 
removal efforts and information typically available to managers about the target area and 
removal methodology. This assessment could aid managers in determining a high risk of 




 To examine the role of compensation in efforts to remove unwanted aquatic 
species, I reviewed primary literature and government reports that provided case studies 
detailing removal efforts. This literature search was performed using the following key 
words: aquatic, pest, management, removal, eradication, species. Citations in topical 
review papers and books were also examined (Meronek et al. 1996, Veitch & Clout 2002, 
Halfyard 2010, Kolar et al. 2010, Britton et al. 2011, Loppnow et al. 2013, Ojaveer et al. 
2015). I also performed a secondary literature search to look for evidence of density-
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dependent recruitment for each species that was a target of removal in the case studies. 
This literature search was performed using the target species scientific name and the 
following topics: recruitment, density-dependent, compensation. For all searches, I used 
the databases Web of Science – All Databases and Science.gov from 1986 to 2016. In all 
searches, word roots were used to get the largest return for each search. Due to linguistic 
limitations only publications in English were included. For this review, ‘article’ refers to 
the document describing efforts to remove aquatic species (e.g., journal article, 
government report, etc.), while ‘case study’ refers to the actions taken to remove a 
specific target species from a specific location. As a result, there could be multiple ‘case 
studies’ within a given ‘article’. For example, many articles covered multiple distinct 
geographic locations (e.g., multiple lakes in a region, separate river reaches), targeted 
multiple species, or both. In a meta-analysis, a larger study can be divided into separate 
studies provided that it consists of multiple, independent subgroups (Borenstein et al. 
2009). Therefore, I subdivided these articles, treating each independent location and/or 
target species as a separate case study. 
 Articles were included in this review if they met a set of pre-determined criteria. 
First, a primary goal of the project had to be the reduction or eradication of a specific 
population of an aquatic animal species. This condition excluded studies solely assessing 
the efficacy of chemical or mechanical removal techniques (Mallison et al. 1995, 
Boogaard et al. 1996, Shroyer 2007, de León et al. 2013) and efforts limited to small 
patches of a larger population (Watanuki et al. 2010). Second, the article had to contain 
details on the removal methodology including equipment, duration, and intensity. Third, 
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the target species had to be specified. This excluded studies where the target of removal 
was listed in general terms such as “non-native cyprids” (Trammel et al. 2004). Fourth, 
sufficient information about changes in target species abundance had to be included. 
Whereas population estimates before and after removal provide the best information and 
were used when provided for each case study (n = 2), changes in population estimates 
after removal began (n = 12), catch per unit effort (CPUE; n = 39), and catch data from 
surveys (n = 46) were also used. These measures of abundance were considered sufficient 
to include in this review if they were ongoing throughout the removal effort, continued 
for at least one year after removal efforts concluded or were performed for a minimum of 
3 consecutive years during removal.  
 
Analysis of removal efforts 
 The following data were collected for each case study meeting the 
aforementioned criteria: 1) general removal method, 2) primary removal technique,  
3) connectivity of removal area to other water bodies and 4) size of removal area (ha). 
The general removal methods used in these articles fell into one of four categories: 
chemical (application of biocides to the system), physical (physically removing 
organisms through techniques such as electrofishing and netting), biocontrol 
(manipulation of the abundance of another species to suppress the target species), or 
combination (multiple categories used in combination). The primary removal technique 
was the process that was used to remove the majority of specimens from the target area. 
Examples include electrofishing, gillnetting, rotenone, chlorine, or stocking of predators. 
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When only one technique was employed, it was considered the primary technique. If 
multiple techniques were used in equal measure or if I was unable to determine the 
relative importance of each technique I classified the primary technique as ‘multiple’. 
Primary techniques among physical removal efforts that were used in ≤ 5 removal efforts 
(hand collection [n = 3], suffocation with plastic wrap [n = 1], spearfishing [n = 1], 
angling [n = 1], dredging [n = 1], deployment of traps [n = 3], dredging [n = 1], and 
seining [n = 1]) were grouped together as ‘rare’. Connectivity of each removal site was 
classified as open (target species likely to freely emigrate or immigrate), closed (target 
species unlikely to freely emigrate or immigrate), variable (connectivity varied with 
water level, seasonality or could be altered mechanically, such as lock gates). The 
mobility of the target species (sessile vs. mobile) was taken into account when 
determining connectivity. Many of the case studies included the installation of barriers 
designed to prevent the immigration and emigration of the target species. If the installed 
barriers were to be permanent, then the site was considered closed.  
 Size of the removal area was taken directly from each article or, when not directly 
stated in the document, was estimated whenever possible using dimensions or maps 
provided in the document. However, 8 of the 98 case studies I examined contained only 
enough information for a broad assessment of area (e.g., ≤ 1 ha <) but not enough to 
accurately determine the exact size of the area treated. Additionally, the data for sites 
where area could be more precisely determined were highly skewed. As a result, I chose 
to classify the area for each case study as being > 1 ha (n = 60) or ≤ 1 ha (n = 38).  
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Abundance data from each article was examined to determine the outcome of 
each case study. Removal effort outcome was classified as ‘successful’, or ‘unsuccessful’ 
based on the conclusions presented by the authors and my own evaluation. A removal 
effort was classified as ‘successful’ if the target population was eradicated or there was a 
significant reduction in abundance (controlled for effort) compared to pre-removal levels. 
If there was no significant reduction in target species then the removal effort was 
classified as unsuccessful. Changes in target species abundance were determined, 
whenever possible, by analyses performed by the paper’s authors. Otherwise changes 
were determined using provided measures of variance (e.g., a decrease in population size 
greater than 1 SE or SD, or lower than the lower bound of 95% CI). 
 Finally, I determined whether or not compensation likely occurred for each 
removal effort based on the conclusions presented by the authors and my own evaluation 
of the information provided (as described below). Case studies showing evidence of 
compensation and overcompensation were grouped together due to the rarity of 
potentially overcompensatory removal efforts in our analysis. For a case study to be 
classified as showing evidence of compensation there had to be an increase in young of 
the year (YOY) and/or juvenile abundance of the target species compared to pre-removal 
data or to data collected during the first year of the removal. This increase in YOY and/or 
juvenile recruitment had to coincide with evidence that this increased recruitment was, at 
least temporarily, compensating for the increased mortality resulting from removal efforts 
(e.g., total abundance remained constant or increased for at least one year into the 
removal effort). For one removal effort where compensation seemed likely but there was 
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insufficient data to draw a confident conclusion (Coggins Jr. et al. 2011), the lead author 
was contacted to clarify certain details and provide further insight.  
 
Statistical analysis 
Using R statistical software (R Development Core Team 2014), I performed a 
number of analyses examining the relationship between removal efforts and 
compensation. First, I performed a Fisher’s exact test, in conjunction with a visual 
assessment of count data, to determine if the frequency with which I found evidence of 
compensation (yes, no) varied across removal effort outcome (successful, unsuccessful). 
Although the chi-square test or G-test of independence can also be used for this type of 
analysis, the Fisher's exact test is more accurate when the expected numbers are small 
(total sample size < 1000 or one or more of the expected values are < 5; [McDonald 
2014]). While not definitive, this combination of statistical testing and visual assessment 
provides insight into the potential impact of compensation on removal effort success. 
This same approach was taken to examine if the number of removal efforts with or 
without evidence of compensation varied with removal method employed (physical, 
chemical, biocontrol, combination). R scripts and additional model outputs for all 
statistical analyses can be found in Appendix C. 
Next, I created a binomial logistic regression model to examine the relationship 
between a) removal efforts showing evidence of compensation and b) details of the 
removal effort (technique, site characteristics) for those removals that employed physical 
methods only. To generate these models, I used the R function “glm()” with binomial 
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error distribution (family = binomial) and a logit link function. Evidence of compensation 
(categorical: yes, no) was the dependent variable while removal area (categorical: >1 ha; 
≤ 1 ha), connectivity (categorical: open, closed, variable), and removal technique 
(categorical: electrofishing, gillnetting, multiple, or rare) served as the predictor 
variables. Additionally, I used the R function “glht()” from the package multcomp to 
perform a post hoc multiple comparison analysis for predictor variables with more than 
two levels (connectivity, technique).  
In addition to the full dataset analysis outlined above, I also conducted an analysis 
of the case studies that described removal efforts targeting fish populations. This was 
done for several reasons. First, fish are a very common target of invasive species removal 
efforts, a fact highlighted by the fact the vast majority of the case studies I found focused 
on fish populations. Second, while fecundity, maturation rates, tendency to cannibalism, 
and other characteristics that can influence the population’s response to harvest vary 
across fish species, these characteristics should be more similar among fish species than 
between fish and other aquatic organisms. In particular, we might expect fish, which can 
swim in their environment as adults and juveniles, to respond more similarly to 
differences in connectivity compared to organisms that are generally sessile (e.g. 
ascidians, mussels, clams) or benthic (e.g. crabs, crayfish) as adults. Using data only from 
removal efforts targeting fish, I repeated the processes outlined in the previous 
paragraphs, created a binomial logistic regression model and performed post hoc multiple 






In total, 56 articles detailing 98 separate case studies were examined (Table 3.1, 
Appendix C Table C.1). Of the case studies examined, 16 showed evidence of 
compensatory recruitment (Table 3.1). Of case studies showing signs of compensation, 
the increase in juvenile and overall abundance was sufficient in five cases to suggest 
overcompensation may have occurred (Smith et al. 1996, Meyer et al. 2006, Weidel et al. 
2007, Thuesen et al. 2011, Shepard et al. 2014). The majority of unsuccessful removal 
efforts showed evidence of compensation (Fisher’s exact p < 0.001; Table 3.2), though 
compensation appeared to have occurred in a few efforts that resulted in the successful 
reduction or eradication of the target species. 
Table 3.1 Case studies included in the literature review with site description, species targeted for removal, 












1 Pinto et al. 2005 Yes Cyprinus carpio Yes Botany Wetlands 
2 
Finney &  
Haines 2008 
Yes Esox lucius Yes 
 Yampa River: 
Elkhead Creek & 
Elkhead Reservoir 
3 Hines 2014 Yes Ictalurus punctatus Yes San Juan River 
4 






Yampa Canyon:  
Little Yampa Canyon 
& Lily Park 
5 





Yes Little Moose Lake 
6 





Yes The Herberton Weirs 
7 
Ludgate &  
Closs 2003 





Saunders et al. 
2015 




Saunders et al. 
2015 
Yes Salmo trutta Yes Right Hand Fork 
10 
Carmona-Catot 




Yes Bogard Spring Creek 
11 





Yes Canmore Creek 
12 





Yes Pike's Fork 
13 Paul et al. 2003 Yes 
Salvelinus 
fontinalis 
Yes Quirk Creek 
14 





Yes Whites Creek 
15 Syslo et al. 2011 Yes 
Salvelinus 
namaycush 
Yes Yellowstone Lake 
16 





Yes North Oxford Canal 
17 Brastrup 2001 No Cyprinus carpio Yes Knife Lake & River 
18 
Diggle et al. 
2004 
No Cyprinus carpio Yes Crescent Lake 
19 
Diggle et al. 
2004 
No Cyprinus carpio Yes  Sorell Lake 
20 
Donkers et al. 
2012 




No Cyprinus carpio Yes McHose Pond 
22 Lee 2001 No Esox lucius Yes Lake Davis  
23 
Schaufler  
et al. 2015 
No Esox lucius Yes Lake Grundlsee 
24 
Ruiz-Navarro  




Yes Chicamo Stream 
















No Ictalurus melas Yes McHose Pond 
28 Fuller 2009 No Ictalurus punctatus Yes 
Yampa Canyon: 








No Ictiobus cyprinellus Yes McHose Pond 




Yampa Cayon:  
Lower Yampa River 
32 
Coggins Jr.  




Yes Little Colorado River  
33 





Yes Batchawana Lake 
34 





Yes Maul Lake 
35 





Yes Mannis Branch 
36 





Yes Lees Creek 
37 














Yes Sam's Creek 
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LeConte Basin:  
Black Giant Lake 
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LeConte Basin:  
Upper & Lower 
LeConte Lake 
42 
Ludgate &  
Closs 2003 





Ludgate &  
Closs 2003 


















No Pomoxis spp. Yes McHose Pond 
46 





Yes A lake 
47 






Two small adjacent 
fishing lakes 
48 














Yes Pond in the Wirral 
50 










No Salmo trutta Yes Chevenne Creek 
52 
Lintermans &  
Raadik 2001 
No Salmo trutta Yes 
Goulburn River 
catchment 
53 Pham et al. 2013 No Salmo trutta Yes 
Kaiwharawhara 
catchment: River 1 
54 Pham et al. 2013 No Salmo trutta Yes 
Kaiwharawhara 
catchment: River 2 
55 





Yes Sun Creek 




Arnica Lagoon, Creek 
& Drainage 
57 





Yes Batchawana Lake 
58 















Humphreys Basin:  
No Good Lake 
60 





Yes Maul Lake 
61 





Yes Corral Lakes 
62 














Yes Fly Lake 
64 





Yes Platinum Lake 
65 





Yes Heather Lake 
66 





Yes Shirts Lake 
67 





Yes Grass Mountain 1 
68 





Yes Grass Mountain 2 
69 





Yes Running Lake 
70 





Yes Spruce Gulch 
71 





Yes Upper Hazard 
72 





Yes Granite Twin Lake 
73 





Yes Merriam Lake 
74 





Yes Clearwater River 
75 






Middle & Lower 
Devon Lakes 
76 





Yes Bighorn Lake 
77 





Yes Staubach Creek 
78 





Yes Muskrat Creek 
79 





Yes Cottonwood Creek 
80 














Yes Nameless Creek 
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Sixty Lake Basin: 
Lake 5 
88 





Yes Batchawana Lake 
89 
Turner et al. 
2016 
No Carcinus maenas No Bodega Harbor 
90 





No Shakespeare Bay 
91 





No Holyhead Harbour 
92 
Wimbush  




No Lake George marina 
93 Bax et al. 2000 No Mytilopsis sp. No Cullen Bay Marina 
94 Hein et al. 2006 No 
Orconectes 
rusticus 
No Sparkling Lake 
95 Dana et al. 2010 No 
Pacifastacus 
leniusculus 
No Riofrío River  
96 
Hopkins et al. 
2011 
No Perna perna No Tasman Bay 
97 






 Jacksonville retention 
pond 
98 












Table 3.2 Cases with or without evidence that compensation occurred for each of two possible outcomes 
from removal efforts. The majority of removal efforts were successful (eradication or reduction) and these 
rarely showed evidence for compensation; efforts were unsuccessful significantly more often when they 
had evidence of compensation (Fisher’s exact test; p < 0.001).  
 





Yes Yes (%) No No (%) Total % of Total 
Successful 3 4% 77 96% 80 82% 
Unsuccessful 13 72% 5 28% 18 18% 
Total 16  82  98 100% 
 
Physical methods were more commonly employed for removal than chemical, 
biocontrol, or a combination of methods (Table 3.3). Evidence of compensation was 
exclusively found in removal efforts that utilized physical removal methods (Fisher’s 
exact p = 0.02).  
Table 3.3 Cases with or without evidence that compensation occurred for each of four possible removal 
methods. The majority of removal efforts utilized physical removal methods and only physical removal 
efforts showed evidence of compensation (Fisher’s exact test; p = 0.02). 
 
 Evidence of Compensation  
Removal Method Yes Yes (%) No No (%) Total % of Total 
Physical 16 25% 47 75% 63 65% 
Chemical 0 0% 17 100% 17 17% 
Biocontrol 0 0% 13 100% 13 13% 
Combination 0 0% 5 100% 5 5% 
Total 16  82  98 100% 
 
The majority of physical removal efforts utilized electrofishing and targeted 
closed systems that were > 1 ha in size (Table 3.4). The logistic regression model for the 
full dataset showed significant relationships between evidence of compensation and both 
removal technique and connectivity (Table 3.5; full model output in Appendix C Table 
C.2-5). Additionally, there was a marginally significant relationship between evidence of 
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compensation and removal area size. When I performed the post hoc multiple 
comparisons, evidence of compensation was found significantly more frequently among 
removal efforts primarily employing electrofishing compared to gillnetting, multiple 
techniques, or rare techniques (Table 3.5; full post hoc outputs Appendix C Table C.6-7). 
There were no significant or marginal differences between gillnetting, multiple, or rare 
removal techniques.  
Compensation occurred at a significantly higher frequency in systems with 
variable connectivity compared to closed systems (Table 3.5). Though not statistically 
significant, evidence of compensation occurred more frequently among variable systems 
compared to open systems. Open and closed systems were not significantly different 
from each other.  
Compensation occurred at a marginally higher frequency among sites > 1 ha 
compared to sites ≤ 1 ha (Table 3.5).  
Of the 98 case studies I examined, 88 targeted fish populations, and 55 fish 
removal efforts utilized physical methods. All of the case studies that showed signs of 
compensation were from efforts targeting fish. While the model and post hoc analyses of 
this reduced dataset yielded nearly identical results as the analyses of the full dataset, 
there were three exceptions. First, the removal of the 7 non-fish case studies that utilized 
rare removal techniques resulted in there no longer being a significant difference in the 
compensation frequency between electrofishing and rare removal techniques (Table 3.5; 
full model and post hoc test outputs in Appendix C, Table C.8-13). Second, 
compensation occurred at a significantly higher frequency for sites > 1 ha compared to 
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sites ≤ 1 ha rather than the marginal difference I found for the full dataset. Finally, the 
frequency of compensation at sites with variable connectivity became marginally higher 
compared to open systems, while it was previously not statistically higher.  
Table 3.4 Cases with or without evidence that compensation occurred for each of 3 variables and their 
corresponding levels. The dataset is limited to removal efforts utilizing physical methods as there was no 
evidence of compensation in any of the other three methods of removals (n = 63). 
  
Evidence of Compensation 




Electrofishing 11 50% 11 50% 22 35% 
Gillnetting 1 6% 16 94% 17 27% 
Multiple 2 17% 10 83% 12 19% 
Rare 2 17% 10 83% 12 19% 
 
Total 16  47  63 100% 
Removal Site 
Connectivity 
Closed 4 11% 31 89% 35 55% 
Open 7 39% 11 61% 18 29% 
Variable 5 50% 5 50% 10 16% 
 
Total 16  47  63 100% 
Removal Site 
Area 
> 1 ha 12 34% 25 66% 37 59% 
≤ 1 ha 4 15% 22 85% 26 41% 
 





Table 3.5 Statistical output of post hoc multiple comparisons analysis for frequency with which evidence 
of compensation was detected across physical removal technique and removal site connectivity. Two 
datasets were examined: All removal efforts utilizing physical methods (n = 63), and those physical 
removal efforts targeting fish (n = 55). Efforts utilizing chemical, biocontrol, or a combination of methods 
were not included as there was no evidence of compensation from these methods. For both datasets, 
evidence of compensation was found generally more frequent among removal efforts using electrofishing, 
at sites with variable connectivity, and at sites > 1 ha in area. Bold and italicized p-values are significant, 
while italicized alone are marginally significant. 
 
All Removals Fish Removals Only 
Comparison Coefficient ± SE z p Coefficient ± SE z p 
Gillnetting - Electrofishing -3.22 ± 1.34 -2.41 0.02 -3.76 ± 1.55 -2.43 0.02 
Multiple - Electrofishing -2.10 ± 1.00 -2.10 0.04 -2.29 ± 1.07 -2.14 0.03 
Rare - Electrofishing -2.33 ± 1.07 -2.17 0.03 -1.08 ± 1.20 -0.90 0.37 
Multiple - Gillnetting 1.13 ± 1.42 0.79 0.43 1.47 ± 1.47 1.00 0.32 
Rare - Gillnetting 0.90 ± 1.47 0.61 0.54 2.67 ± 1.75 1.52 0.13 
Rare - Multiple -0.22 ± 1.18 -0.19 0.85 1.21 ± 1.34 0.90 0.37 
Open - Closed 0.76 ± 0.95 0.80 0.42 0.17 ± 1.14 0.15 0.89 
Variable - Closed 2.68 ± 1.05 2.55 0.01 2.95 ± 1.20 2.45 0.01 
Variable - Open 1.92 ± 1.22 1.57 0.12 2.78 ± 1.63 1.71 0.09 
> 1 ha - ≤ 1 ha 1.62 ± 0.95 1.70 0.09 2.45 ± 1.26 1.95 0.05 
 
Discussion 
Analysis of the literature helped identify several factors that are correlated with 
compensation in recruitment and so can help inform future decisions about removal. 
Evidence for compensation was found in 16 of 98 removal efforts reviewed, most often 
(72%) among failed removal efforts. In 5 cases studies, the increase in juvenile and 
overall abundance was sufficient to suggest overcompensation may have occurred (Smith 
et al. 1996, Meyer et al. 2006, Weidel et al. 2007, Thuesen et al. 2011, Shepard et al. 
2014). All removal efforts containing evidence of compensation utilized only physical 
methods. While evidence of compensation was found for all physical removal techniques, 
it was most common among electrofishing efforts. While the majority of removal efforts 
occurred in closed systems, evidence of compensation was more frequent among removal 
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efforts targeting sites with variable connectivity. There was a marginally significant 
relationship between compensation and size of removal site. These findings suggest that 
physical removal efforts, particularly those primarily or solely utilizing electrofishing, are 
the ones most likely to result in compensation as a response to removal efforts. While I 
found no evidence of compensation for removal efforts utilizing chemical, biocontrol, or 
a combination of methods, this only suggests that compensation is not an especially 
common outcome of these removal methods and not that these methods can never result 
in compensation. 
Although my findings were consistent when I examined the ‘all species’ and ‘only 
fish’ datasets, it is important to note that in the ‘all species’ dataset the majority of the 
case studies examined targeted fish. As a result, the relationship between removal effort 
characteristics and the frequency of compensation may only be applicable to fish removal 
efforts. This is especially true for the physical removal techniques electrofishing and 
gillnetting as they are specifically designed for the capture of fish and would not be used 
to remove other aquatic non-native species such as mussels or ascidians. Therefore, the 
finding that electrofishing is correlated with compensation does not indicate fish are more 
likely to compensate than other organisms because gillnetting was also limited to fish but 
did not typically result in compensation.  
While I only found evidence for compensation in 16% of removal efforts 
examined, the actual frequency with which compensation occurs may be higher. Harvest 
of a population can produce a continuum of recruitment responses, ranging from 
reductions to compensatory and even overcompensatory responses (De Roos et al. 2007, 
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Zipkin et al. 2009). Large compensatory responses are more likely to complicate or derail 
removal efforts, and thus may account for the observed relationship between removal 
success and compensation. Removal efforts that result in a smaller compensatory 
response by the target population may be undetected due to sufficiently high removal 
rates, high inter-annual variation in recruitment, inadequate sampling of all age classes or 
inaccurate population estimates. Additionally, projects with successful outcomes are far 
more likely to be published and thus it may be difficult to obtain information on efforts 
resulting in a large compensatory response (Kolar et al. 2010). Regardless, the fact that 
roughly one-in-five published removal effort shows evidence of compensation, or even 
overcompensation, shows that compensation is a common enough outcome of removal 
that it must be considered and its likelihood evaluated during the planning stages for 
removal. 
 Among the case studies, only physical efforts showed evidence of compensation, 
suggesting that removal method influences the likelihood of compensation. Compared to 
chemical methods, physical removal of aquatic species are far more labor intensive and 
size-selective (Halfyard 2010). Chemical treatments can be applied relatively quickly, 
begin to take affect within a few hours, and can rapidly reduce the target species 
abundance (Sigler & Sigler 1990, Lazur et al. 2006, Halfyard 2010). However, the 
applications of chemicals does not guarantee success, as highlighted in a review by 
Meronek et al. (1996) which found 13 of 55 chemical removal efforts examined were 
unsuccessful. Additionally, the generally high non-target mortality and high levels of 
public opposition associated with chemical applications may limit the applicability of this 
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approach (Koehn et al. 2000, Halfyard 2010). Physical removal efforts can require 
several years to implement, providing multiple opportunities for surviving reproductive 
adults to spawn under less competitive conditions and for YOY to grow and mature under 
reduced threat of cannibalism (Claessen et al. 2004). Additionally, while chemical 
treatments generally affect all size classes of the target species equally (though 
concentration required may vary), physical methods can be size-selective (Sigler & Sigler 
1990). Electrofishing is biased towards larger fish, smaller individuals will often not enter 
traps containing larger conspecifics, and mesh size in gillnets determine the size range of 
fish that can be captured (Bayley & Austen 2002, Prchalová et al. 2009, Muthmainnah et 
al. 2014). The removal of larger individuals has been known to result in maturation at 
smaller size for the remaining population (Funakoshi 1992, Trippel 1995, de Roos et al. 
2006, Syslo et al. 2011, Bodin et al. 2012). Work by Karatayev et al. (2015) suggests that 
earlier maturation, combined with stage-specific harvest strategies could increase the 
chances of an overcompensatory response, and therefore could explain the higher 
frequency of compensation I observed among removal efforts primarily utilizing 
electrofishing.  
The connectivity of a site can theoretically enhance or reduce a population’s 
compensatory potential, and the analysis showed that compensation was most frequent 
among sites with variable connectivity. Open populations should have higher rates of 
immigration than closed systems, and thus compensation may occur due to increased 
recruitment from nearby populations when local abundance decreases. Closed 
populations should have greater larval or juvenile retention, thus creating a tighter stock-
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recruitment relationship compared to open systems. Populations with variable 
connectivity may have greater compensatory potential compared to closed or open 
populations since they switch between the two states and thus may experience periods of 
high immigration, including for adults, and periods of high larval retention 
Alternatively, the recruitment increases that I took as evidence of compensation 
for sites with variable connectivity could result from access to more habitat and 
associated resources when the site switches from an effectively closed system to one that 
is more open. Several studies have shown that when aquatic species gain access to more 
habitat (e.g., dam removals, floodplain inundation) that abundance of the previously 
restricted population increases (Bajer & Sorensen 2010, Marks et al. 2010, Phelps et al. 
2015). One limitation of my analysis was that I could only estimate connectivity based on 
physical barriers. Other phenomenon, such as winter-hypoxia, can limit access to habitats 
as effectively as a physical barrier (Bajer & Sorensen 2010). Given that environmental 
barriers can be seasonal, a habitat that appears open based on physical barriers may in 
fact have variable connectivity. Any future examinations on the relationship between 
connectivity and compensation should take non-physical barriers into account.  
Compensation was more common among efforts targeting sites > 1 ha, potentially 
due to increased costs in terms of effort and resources, particularly for physical removal 
methods which are generally labor intensive (Halfyard 2010). Additionally, the efficacy 
of removal methods such as electrofishing is reduced in larger and more complex systems 
(Sutherland 2006, Kolar et al. 2010). As a result, removal efforts targeting larger sites 
may be more likely to reduce abundances enough to result in a compensatory response 
102 
 
through the reduction of intraspecific pressures but not enough to overcome the increase 
in recruitment and ultimately reduce the target population. However, because removal 
area size was missing from several case studies and was highly skewed overall, I 
categorized the case studies into two broad categories (≤ 1ha, > 1 ha) and was unable to 
perform a more nuanced analysis. As a result, I suggest that the relationship between 
compensation and removal area size warrants further investigation provided sufficient, 
accurate site dimensions can be obtained. 
Although a potentially powerful predictor of compensation, I did not include 
density-dependent recruitment as a predictor for several reasons. First, the outcome of 
removal efforts targeting species with density-dependent recruitment was quite variable. 
Many of the species with evidence for density-dependent recruitment (cannibalism of 
juveniles, density-dependent fecundity, density-dependent growth), including Cyprinus 
carpio (Carlander 1969), Micropterus dolomieu (Brown et al. 2009), Perca fluviatilis 
(Ludgate & Closs 2003), Sylvanias fontinalis (Carlander 1969, Utz & Hartman 2009), 
Salvelinus namaycush (Martin 1970, Healy 1978), showed evidence for compensation in 
some case studies but not in others. Given that the degree of density-dependent 
recruitment isn’t reliably reported for all studies and differs for a given species across 
locations, I could not reasonably include it in my model even if it is an important 
predictor of compensation. Second, I found evidence of density-dependent fecundity for 
one species (Ictalurus punctatus), which showed evidence of compensation but for which 
I could not find evidence of density-dependent recruitment (Hines 2014). While fecundity 
is not always directly linked to recruitment, I would consider it weak evidence of density-
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dependent recruitment. Third, my inability to find strong evidence of density-dependent 
recruitment may result from a lack of research on the species rather than a true 
representation of the species recruitment process.  
Lack of site-specific or removal-specific information prevented inclusion of 
additional, potentially important predictor variables. The effort employed by managers to 
remove a targeted species will influence if and when sufficient numbers of the target 
species have been removed from a population to a) trigger a compensatory increase in 
recruitment and b) for species with potential for moderate to strong Allee effects, reduce 
the population to a level where Allee effects will negate that response (Jonzén & 
Lundberg 1999, Zipkin et al. 2009). However, removal efforts in the review often used 
measures of effort that were incomparable, even among those that employed the same 
removal techniques (e.g., time spent electrofishing, number of electrofishing passes, and 
area covered during electrofishing) (Smith et al. 1996, Meyer et al. 2006, Weidel et al. 
2007). Although uniformity in measures of effort across all removal efforts is unlikely, 
access to additional information in supplemental documentation would improve 
comparisons across removals. Additionally, I suggest that managers record 
environmental data that influence local reproduction and survival (e.g., water 
temperature) and consider them as potentially influencing the success of removal (Mills 
et al. 1996, Van Der Kraak & Pankhurst 1997, Beitinger et al. 2000, Xu et al. 2010, 
Fernández-Chacón et al. 2015). Finally, while the effect of removal site area was 
examined across broad categories in this study (≤ 1 ha <), more detailed site data would 
have allowed for a more detailed and informative analysis. 
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The potential for a population to compensate in response to removal efforts may 
be influenced by the timing of removal efforts. Removal efforts are often timed to occur 
prior to spawning in an effort to reduce the number of potential reproductive individuals 
and subsequently reduce recruitment (Ludgate & Closs 2003, Britton et al. 2010, Pacas & 
Taylor 2015). Timing of removal efforts that coincide with spawning events can take 
advantage of mating-associated aggregation behavior to increase catch rates (Rost 1989, 
Shepard et al. 2014). However, if the population is not sufficiently reduced prior to 
spawning, the removal effort may simply benefit the remaining reproductive individuals 
and their offspring through the reduction of negative density-dependent pressures. Pacas 
& Taylor (2015) suggested managers wishing to avoid compensatory recruitment should 
attempt intense efforts to remove all reproductive fish prior to reproduction. Additionally, 
the age of a population (time since establishment) could also influence its response to 
harvest. Older populations are more likely to be near their carrying capacity and thus 
should be more likely to compensate in response to reductions in abundance (Péron 
2013). Although there was insufficient data for an in depth analysis of the role of removal 
effort timing in regards to the target population’s reproduction and time since 
establishment, these variables warrant further investigation. 
While my analysis shows that the majority of unsuccessful removal efforts 
showed signs of compensation, it is possible that my observations of high juvenile 
recruitment may instead result from the recovery of a population in response to an 
unsuccessful removal effort. However, I think this is unlikely for several reasons. While 
the opinions of the authors were not used to determine if a case study showed evidence of 
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compensation, of the 13 case studies I classified as unsuccessful with evidence of 
compensation, the authors of 12 of the case studies mentioned compensation as a 
potential cause for the unsuccessful removal. Additionally, the measurements of 
abundance used to determine if compensation had occurred were taken while the removal 
efforts were still ongoing. As a result, these populations were still suffering enhanced 
mortality while increases in juvenile abundance occurred and not rebounding after the 
completion of removal efforts.  
Compensatory recruitment by a population targeted for removal can lead to 
negative consequences for efforts to remove aquatic species. While recruitment must be 
density-dependent for a population to compensate in response to removal efforts, other 
factors influence whether or not compensation will occur. A full understanding of how a 
population will respond to harvest can be prohibitive in terms of time and data required 
(Rose et al. 2001). This review evaluated a number of potentially important factors and 
found several which were indeed significantly related to the occurrence of compensation. 
The findings of this review provide criteria for managers to determine the relative risk of 
compensation for a removal effort prior to the start of removal. Additionally, this review 
provides further evidence of the potential impacts of size-selective mortality on 
population growth rates. Increased availability of data on failed removal efforts and the 
inclusion of more site-specific details in future removal efforts would allow for a more 
detailed and beneficial examination of how data that is typically available to managers 





The goal of my research was to examine how inter- and intraspecific interactions 
of non-native species may counteract lethal biotic factors that might otherwise prevent 
their establishment or limit their abundance. I tested if naïve specimens of an introduced 
species could recognize cues of risk of attack from novel recipient range predators that 
could be used to reduce their risk of predation through the expression of inducible 
defenses. Additionally, I developed and evaluated a series of experiments designed to 
measure intraspecific pressures of a non-native population and estimate the 
overcompensatory potential of the population in response to harvest. Finally, I performed 
a literature review to assess how compensatory recruitment in response to harvest affects 
the outcome of removal efforts and if typically available information on the target area 
and removal methodology could provide insight into the risk of compensation, or worse, 
overcompensation.  
Unlike specimens of Nuttallia obscurata collected in the Northeast Pacific, 
specimens from their native range in Japan did not increase their burrowing depth in the 
presence of cues from the predatory Metacarcinus magister. However, in the absence of 
cues signaling the risk of predation, Japanese N. obscurata burrowed significantly deeper 
than their introduced counterparts, and thus newly introduced N. obscurata may have 
experienced reduced predation due to deeper, if less plastic, burrowing depth. While my 
findings suggest that it is unlikely that inducible defenses influenced the initial survival 
of newly arrived N. obscurata, inducible defenses may contribute to the continued 
success of N. obscurata in the Northeast Pacific. Non-natives species that respond to 
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conspecific alarm cues or whose native predators are similar to those found in the 
recipient range may be better able to express inducible defenses, and thus gain protection 
during the initial stages of invasion. Previous findings have shown that the expression of 
anti-predator defenses can change over only a few generations (Thompson 1998, Yoshida 
et al. 2003, Nunes et al. 2014, Berthon 2015), and thus inducible defenses could easily 
change rapidly to enhance success. My novel approach of using specimens collected from 
the invaders native range provided evidence of the variable nature of inducible defenses 
throughout the invasion process. I encourage further investigation into changes into the 
expression of inducible defense across generations and the role inducible defenses may 
play in lag times of invasion.  
My experiments with Carcinus maenas was the first attempt to my knowledge of 
the use of field experiments to determine if an invasive population would 
overcompensate as a result of removal efforts. The results of these experiments, in 
conjunction with previously recorded details on the life history of C. maenas, suggested 
overcompensation in Bodega Harbor was a possible, but unlikely, response to ongoing 
removal efforts. This conclusion was supported by a lack of any large increase in juvenile 
or overall abundance in Bodega Harbor compared to nearby bays where steps to remove 
C. maenas had not taken place. While the results of this analysis can only be confidently 
applied to Bodega Harbor, the general approach could be utilized to assess other 
populations of C. maenas targeted for removal or modified for use with other non-native 
species. The site specificity of these findings is supported by a possibly compensatory 
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increase in juvenile abundance after a multi-year effort to remove C. maenas from 
Seadrift Lagoon, an artificial water body in Northern California (Grosholz pers. com.)  
Given that best management practices for invasive species management promote 
rapid removal after detection, there may be insufficient data or time for statistical or 
experimental examination of the compensatory or overcompensatory potential of a 
population (Hobbs & Humphriest 1995, Myers et al. 2000, Rejmánek & Pitcairn 2002). 
My review of attempts to remove invasive aquatic animals showed a significant 
relationship between several variables, which are available to managers (e.g., removal 
method and techniques to be used, removal site area, and removal site connectivity, 
removal site connectivity), and evidence of compensation resulting from removal efforts. 
In particular, electrofishing had a strong association with compensation possibly because 
this method is biased towards the removal of larger individuals (Sigler & Sigler 1990, 
Halfyard 2010, Kolar et al. 2010) allows maturation at a smaller size, potentially 
decreasing the size at maturation for the population (Funakoshi 1992, Trippel 1995, de 
Roos et al. 2006, Syslo et al. 2011, Bodin et al. 2012) and earlier onset of reproduction 
that increases the overall population growth rate (Karatayev et al. 2015). Factors such as 
removal technique and habitat connectivity could be used by managers to determine if a 
planned removal effort has an increased likelihood of resulting in compensation. More 
site-specific details should be included in future records of removal efforts to allow for 
the development of more detailed and powerful tools to predict compensation resulting 
from removal efforts. 
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My research has contributed to our understanding of how populations of aquatic 
non-native species establish and endure in new locations while facing lethal pressures 
from predators and humans. Despite only having been applied thus far to a small subset 
of populations and species, the work presented here has the potential for wider 
development and use. By comparing responses of non-natives from their introduced and 
native ranges, we can gain further insight into how these species overcome biotic 
resistance. If the expression of inducible defenses changes throughout the invasion 
process it could alter not only the efficacy of biotic resistance but biocontrol efforts as 
well. My work expands upon our understanding of the effects of large scale mortality on 
population growth in aquatic systems. While much of what I examined is related to 
human-caused mortality, my conclusions could be applied to the response of other 
species (native or non-native) to other large scale sources of mortality (e.g., diseases). 
The results of my research further highlight the site-specific nature of compensation and 
overcompensation, but suggest that certain population and site specific characteristics 
may provide some indication of compensatory potential. The prospect of assessing 
compensatory and overcompensatory potential of a population prior to removal will 
allow for more informed planning, which in turn will increase the chances of successful 
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Appendix A: Supplemental tables and figures, R-scripts 
with additional output for Chapter 1 
 
Table A.1 Tanks excluded from the statistical analysis due to high predation (> 1 clam per tank) for each 






1 USA N. obscurata, C. productus + crushed N. obscurata 2 6 
1 USA N. obscurata, C. maenas + crushed N. obscurata 1 7 
1 USA N. obscurata, M. magister + crushed N. obscurata 1 7 
2 USA N. obscurata, Crushed N. obscurata 2 8 
3 USA N. obscurata, Roaming M. magister 2 8 
3 Canadian N. obscurata, Roaming M. magister 1 9 
3 Japanese N. obscurata, Roaming M. magister 1 9 
 
 
Figure A.1 Burrowing depth (cm) and body length (mm) for Nuttallia obscurata in Experiment 1 (A; N = 
41), Experiment 2 (B; N = 52), Experiment 3 (C; N = 194), and clams collected in the field at Sand Lake, 
OR (D; N = 49).   
135 
 
Figure A.2: Images of collection efforts for Nuttallia obscurata at Sand Lake, Oregon, USA (Top) and 
Hiroura Bay, Miyagi Prefecture, Japan (Bottom). Sediment was more inundated and slightly denser in 







Supplement A.1: Linear mixed-effects model rationale 
 We originally considered using analysis of variance (ANOVA) or ANCOVA to 
analyze our experimental results but ultimately chose to use generalized linear mixed-
effects models (GLMM) based on two criteria. First, GLMM is recommended for models 
with both fixed and random categorical exploratory variables (Crawley 2005). Cue 
treatment (Experiments 1-3), Country (Experiment 3) and Location (Location test) were 
fixed effects in our model. Time Block, Tank, and Clam Position (nested within Tank) 
were random effects in our models. Additionally, our chosen R-function (lmer) allowed 
us to easily specify the different relationships between our random effects (nested vs. 
independent).  
Second, the goal of our study was not to compare the differences among means 
for all groups within a given category, as with an ANOVA, but instead to compare the 
mean of a selected group to all other groups within the category. For example, in 
Experiment 1 we wanted to determine if specimens of N. obscurata from Oregon would 
increase their burrowing depth in the presence of Cancer productus, Metacarcinus 
magister, or Carcinus maenas compared to our Control. However, we were not 
specifically interested in if N. obscurata burrows deeper in the presence of C. productus 
versus M. magister versus C. maenas. In Experiment 3, we were not interested in testing 
for differences in burrowing depths of N. obscurata between every combination of 
Treatment (Control, Caged M. magister, Roaming M. magister) and Country (USA, 
Canada, and Japan). We chose specifically to compare the burrowing depths of N. 
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obscurata in USA Control treatments from Canada and Japan. Additionally, we 
examined if differences in burrowing depth of N. obscurata in the presence of Caged or 
Roaming M. magister versus our Control treatments differed between clams from Canada 
or Japan compared to those from the USA. Using an analysis with fewer computations 
improves the statistical power while allowing us to make the comparisons of interest.  
R script A.1: Generalized linear mixed-effects model R script for Experiment 1; produced using package 
“lme4” and data set “Experiment.1” 
lmer ( Final.Clam.Depth..cm. ~ Cue.Treatment + ( 1 | Time.Block ) +  
( 1 | Tank / Clam.Position ) , data = Experiment.1) 
Table A.2: Experiment 1 generalized linear mixed-effects model scaled residuals 
Min 1Q Median 3Q Max 
-2.7395 -0.7404 0.1967 0.6404 2.0699 
 
Table A.3: Experiment 1 generalized linear mixed-effects model output for fixed effects; model fit by 





df t p 
Control 
(Intercept) 
10.63735 1.23567 9.32 8.609 9.8e-06 
Cancer productus +  
crushed N. obscurata 
-0.06136 0.89908 104.23 -0.068 0.9457 
Metacarcinus magister + 
crushed N. obscurata 
2.23476 0.98901 103.62 2.260 0.0259 
Carcinus maenas +  
crushed N. obscurata 
2.06272 0.91737 102.39 2.249 0.0267 
 
Table A.4: Experiment 1 generalized linear mixed-effects model output for random effects 
 Variance Standard deviation 
Clam.Position:Tank 0.3020 0.5495 
Time.Block 7.2640 2.6952 
Tank 0.5398 0.7347 








Cancer productus +  
crushed N. obscurata 
Metacarcinus magister +  
crushed N. obscurata 
Cancer productus +  
crushed N. obscurata 
-0.297   
Metacarcinus magister + 
crushed N. obscurata 
-0.284 0.359  
Carcinus maenas +  
crushed N. obscurata 
-0.307 0.383 0.353 
 
R script A.2: Generalized linear mixed-effects model R script for Experiment 2; produced using package 
“lme4” and data set “Experiment.2”  
lmer ( Final.Clam.Depth..cm. ~ Cue.Treatment + ( 1 | Time.Block ) +  
( 1 | Tank / Clam.Position, data = Experiment.2 ) 
Table A.6: Experiment 2 generalized linear mixed-effects model scaled residuals 
Min 1Q Median 3Q Max 
-2.0689 -0.7729 0.0051 0.8271 1.8522 
 
Table A.7: Experiment 2 generalized linear mixed-effects model output for fixed effects; model fit by 





df t p 
Control (Intercept) 8.8166 0.8789 34.09 10.032 1.04e-11 
Crushed Nuttallia 
obscurata 
0.5191 1.0043 168.94 0.517 0.6059 
Caged Metacarcinus 
magister 
1.3110 0.9712 170.76 1.350 0.1788 
Roaming Metacarcinus 
magister 
2.1841 1.1076 176.10 1.972 0.502 
 
Table A.8: Experiment 2 generalized linear mixed-effects model output for random effects 
 Variance Standard deviation 
Clam.Position:Tank 0.03232 0.1798 
Time.Block 2.43413 1.5602 
Tank 0.00000 0.0000 











Metacarcinus magister  
Crushed 
Nuttallia obscurata 
-0.601   
Caged  
Metacarcinus magister 
-0.618 0.544  
Roaming  
Metacarcinus magister 
-0.551 0.487 0.497 
 
R script A.3: Generalized linear mixed-effects model R script for Experiment 3; produced using package 
“lme4” and data set “Experiment.3”  
lmer ( Final.Clam.Depth..cm. ~ Cue.Treatment * Country + ( 1 | Time.Block ) +  
( 1 | Tank / Clam.Position, data = Experiment.3 ) 
Table A.10: Experiment 1 generalized linear mixed-effects model scaled residuals 
Min 1Q Median 3Q Max 





Table A.11: Experiment 3 generalized linear mixed-effects model output for fixed effects; model fit by 






df t p 
USA N. obscurata,  
Control (Intercept) 
10.3022 0.8392 55.8 12.276 <2e-16 
USA N. obscurata,   
Caged M. magister 
-0.2418 0.9378 434.4 -0.258 0.7966 
USA N. obscurata,  
Roaming M. magister 
1.9172 1.0092 437.4 1.900 0.0581 
Canadian N. obscurata,  
Control 
0.2862 0.9344 432.2 0.306 0.7596 
Japanese N. obscurata,  
Control 
2.1649 0.9293 432.1 2.330 0.0203 
Interaction (Canadian N. obscurata,  
Control vs. Caged M. magister) 
0.9802 1.3284 432.8 0.738 0.4610 
Interaction (Canadian N. obscurata,  
Control vs. Roaming M. magister) 
-0.5210 1.3921 434.0 -0.374 0.7084 
Interaction (Japanese N. obscurata,  
Control vs. Caged M. magister) 
-0.2181 1.3430 434.5 -0.162 0.8711 
Interaction (Japanese N. obscurata, 
 Control vs. Roaming M. magister) 
-3.4643 1.3947 434.8 -2.484 0.0134 
 
Table A.12: Experiment 3 generalized linear mixed-effects model output for random effects 
 Variance Standard deviation 
Clam.Position:Tank 0.000 0.000 
Time.Block 1.202 1.097 
Tank 1.386 1.177 




Table A.13: Experiment 3 generalized linear mixed-effects model correlation of fixed effects 
 
USA  












N. obscurata,  
Control 
Japanese  





















N. obscurata,   
Caged  
M. magister 
-0.548        
USA  
N. obscurata,  
Roaming  
M. magister 




-0.547 0.488 0.457      
Japanese  
N. obscurata,  
Control 














0.369 -0.324 -0.723 -0.673 -0.332 0.469   
Interaction 
(Japanese  








 Control vs. 
Roaming  
M. magister) 




R script A.4: Generalized linear mixed-effects model R script for comparing burrowing depth of Nuttallia 
obscurata in tanks housed on water tables or lab shelves (hereafter Location Test); produced using package 
“lme4” and data set “Location.data”  
lmer ( Final.Clam.Depth..cm. ~ Location + ( 1 | Time.Block ) +  
( 1 | Tank / Clam.Position, data = Location.data ) 
Table A.14: Location Test generalized linear mixed-effects model scaled residuals 
Min 1Q Median 3Q Max 
-2.29198 -0.72246 -0.1852 0.70260 2.49529 
 
Table A.15: Location Test generalized linear mixed-effects model output for fixed effects; model fit by 





df t p 
Water Table  
(Intercept) 
6.1209 0.7951 3.6990 7.698 0.00209 
Lab Shelves 2.0095 0.9428 1.9890 2.131 0.16745 
 
Table A.16: Location Test generalized linear mixed-effects model output for random effects 
 Variance Standard deviation 
Clam.Position:Tank 0.03395 0.5827 
Time.Block 1.6730 1.2934 
Tank 0.5191 0.7205 
Residual 15.4587 3.9318 
 
Table A.17: Location Test generalized linear mixed-effects model correlation of fixed effects 
 
Water Table  
(Intercept) 





Appendix B: Carcinus maenas survey data, R scripts with additional 
output, and Supplemental figures for Chapter 2 
 











Bodega Harbor 2004 Before Removal 1 19 2 1 6 
Bodega Harbor 2004 Before Removal 2 10 0 1 6 
Bodega Harbor 2004 Before Removal 3 0 0 1 9 
Elkhorn Slough 2004 Before Reference 1 54 61 3 6 
Elkhorn Slough 2004 Before Reference 2 89 15 3 6 
Elkhorn Slough 2004 Before Reference 3 35 46 3 6 
Tomales Bay 2004 Before Reference 1 56 2 1 12 
Tomales Bay 2004 Before Reference 2 54 56 1 12 
Tomales Bay 2004 Before Reference 3 14 3 1 20 
Bodega Harbor 2005 Before Removal 1 22 4 1 8 
Bodega Harbor 2005 Before Removal 2 8 1 1 8 
Bodega Harbor 2005 Before Removal 3 0 0 1 5 
Elkhorn Slough 2005 Before Reference 1 37 23 3 6 
Elkhorn Slough 2005 Before Reference 2 4 11 3 6 
Elkhorn Slough 2005 Before Reference 3 6 30 3 6 
Tomales Bay 2005 Before Reference 1 65 4 1 4 
Tomales Bay 2005 Before Reference 2 18 0 1 4 
Tomales Bay 2005 Before Reference 3 1 0 1 4 
Bodega Harbor 2006 Before Removal 1 295 6 3 10 
Bodega Harbor 2006 Before Removal 2 58 1 3 10 
Bodega Harbor 2006 Before Removal 3 53 3 3 10 
Elkhorn Slough 2006 Before Reference 1 173 2 3 6 
Elkhorn Slough 2006 Before Reference 2 29 0 3 10 
Elkhorn Slough 2006 Before Reference 3 6 0 3 10 
Tomales Bay 2006 Before Reference 1 94 5 3 10 
Tomales Bay 2006 Before Reference 2 5 4 3 10 
Tomales Bay 2006 Before Reference 3 1 0 3 10 
Bodega Harbor 2007 After Removal 1 19 21 3 10 
Bodega Harbor 2007 After Removal 2 4 7 3 10 
Bodega Harbor 2007 After Removal 3 4 14 3 10 
Elkhorn Slough 2007 After Reference 1 24 29 3 10 
Elkhorn Slough 2007 After Reference 2 8 14 3 10 
Elkhorn Slough 2007 After Reference 3 0 4 3 10 
Tomales Bay 2007 After Reference 1 2 29 3 10 
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Tomales Bay 2007 After Reference 2 0 3 3 10 
Tomales Bay 2007 After Reference 3 2 2 3 10 
Bodega Harbor 2008 After Removal 1 48 2 3 10 
Bodega Harbor 2008 After Removal 2 38 0 3 10 
Bodega Harbor 2008 After Removal 3 20 2 3 10 
Elkhorn Slough 2008 After Reference 1 3 2 3 10 
Elkhorn Slough 2008 After Reference 2 1 2 3 10 
Elkhorn Slough 2008 After Reference 3 0 0 3 10 
Tomales Bay 2008 After Reference 1 2 0 3 10 
Tomales Bay 2008 After Reference 2 1 6 3 10 
Tomales Bay 2008 After Reference 3 5 3 3 10 
Bodega Harbor 2009 After Removal 1 16 103 3 10 
Bodega Harbor 2009 After Removal 2 7 3 3 10 
Bodega Harbor 2009 After Removal 3 1 0 3 10 
Elkhorn Slough 2009 After Reference 1 1 6 3 10 
Elkhorn Slough 2009 After Reference 2 3 33 3 10 
Elkhorn Slough 2009 After Reference 3 3 12 3 10 
Tomales Bay 2009 After Reference 1 6 34 3 10 
Tomales Bay 2009 After Reference 2 1 10 3 10 
Tomales Bay 2009 After Reference 3 21 9 3 10 
 
R script B.1: Generalized linear mixed model R script; Produced using package “lme4” and data set 
“Carcinus.catch” 
glmer ( cbind ( Juveniles , Adults ) ~ Bay.Treatment + Period + Bay.Treatment:Period +  
( 1 | Year ) + ( 1 | Bay.ID ) + ( 1 | Bay.ID : Year ), data = Carcinus.catch , weights = Scale,  
family = binomial ) 
R script B.2: R script for creation of weight function “Scale” 
Carcinus.catch $ Effort <- with ( Carcinus.catch , Trap.Dates * Trap.Count ) 
Carcinus.catch $ Scale < - with ( Carcinus.catch , max ( Effort ) / Effort ) 
Table B.2: Generalized linear mixed model output for fixed effects 
 
Estimate Standard Error z p 
(Intercept) -1.7682 0.6632 -2.666 0.00767 
Bay.Treatment -0.9855 0.8338 -1.182 0.23723 
Period 2.6404 0.9507 2.777 0.00548 






Table B.3: Generalized linear mixed model output for random effects  
 
Variance Standard Deviation 
Bay.ID 1.308 1.144 
Year 6.314E-01 7.946E-01 
Bay.ID:Year 1.401E-09 3.743E-05 
 
Table B.4: Correlation of Fixed Effects 
 
(Intercept) Bay.Treatment Period 
Bay.Treatment -0.415     
Period -0.698 0.289   
Bay.Treatment:Period 0.291 -0.700 -0.427 
 
Table B.5: Generalized linear mixed model additional information 
AIC BIC Log likelihood Deviance DF residual 





Figure B.2 Percent of simulated survey data sets with significant increases in juvenile Carcinus maenas 
abundance in Bodega Harbor post-removal with α = 0.05 and α = 0.1. The percentages of data sets with 
significant results were calculated across increasing effect size (post-removal increase in percent juveniles). 
An increase in juvenile abundance was considered detectible when ≥ 80% of simulated data sets (1000 for 
each 5% increase in percent juveniles) had significant increases. With α = 0.05, the juvenile percentage of 
our catch data required an increase of > 70% before there were detectable increases in juvenile abundance 
for Bodega Harbor post-removal. The required increase in juvenile percentage was only slightly lower 





Appendix C: Supplemental tables and R-scripts with 
additional output for Chapter 3 
 























1 Yes Cyprinus carpio Yes Reduction Physical Multiple Open 58.00 > 1 
















Yes Unsuccessful Physical Electrofishing Open 11.00 > 1 
7 Yes Perca fluviatilis Yes Unsuccessful Physical Multiple Variable 0.79 ≤ 1 
8 Yes Salmo trutta Yes Unsuccessful Physical Electrofishing Open 2.72 > 1 




























Yes Unsuccessful Physical Electrofishing Variable 28.93 > 1 
17 No Cyprinus carpio Yes Eradication Chemical Rotenone Closed 490.22 > 1 
18 No Cyprinus carpio Yes Reduction Physical Multiple Closed 2365.00 > 1 
19 No Cyprinus carpio Yes Reduction Physical Multiple Closed 4770.00 > 1 
20 No Cyprinus carpio Yes Eradication Physical Multiple Closed 2365.00 > 1 
21 No Cyprinus carpio Yes Eradication Chemical Rotenone Closed 0.25 ≤ 1 




Variable 1619.00 > 1 






Yes Eradication Physical Multiple Closed NA ≤ 1 
25 No Gila bicolor Yes Eradication Combination 
Chemical & 
Physical 




Yes Reduction Physical Rare Variable 0.06 ≤ 1 












































Yes Reduction Combination 
Chemical & 
Physical 












Yes Reduction Physical Gillnetting Open 2.00 > 1 
42 No Perca fluviatilis Yes Reduction Physical Multiple Variable 0.17 ≤ 1 




Yes Reduction Chemical Rotenone Closed 500.00 > 1 








Yes Eradication Combination 
Chemical & 
Physical 












Yes Eradication Physical Rare Open 42.32 > 1 
51 No Salmo trutta Yes Reduction Physical Electrofishing Closed 0.16 ≤ 1 
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52 No Salmo trutta Yes Eradication Chemical Rotenone Variable 4.00 > 1 
53 No Salmo trutta Yes Reduction Chemical Rotenone Closed 0.08 ≤ 1 




Yes Eradication Combination 
Chemical & 
Physical 
























Yes Eradication Biocontrol 
Stocking 
Predators 




Yes Eradication Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Reduction Biocontrol 
Stocking 
Predators 




Yes Unsuccessful Biocontrol 
Stocking 
Predators 










































































No Unsuccessful Combination 
Chemical & 
Physical 




No Reduction Physical Rare Open 0.39 ≤ 1 








No Reduction Physical Multiple Open 0.34 ≤ 1 








No Eradication Physical Rare Closed 0.01 ≤ 1 
 
 
R script C.1: Table generation and Fisher Exact Test R scripts for categorical variables 
“Removal.Outcome” and “Compensation.Evidence”; produced using data set “Comp.Rev” 
outcome.table <-  table ( Comp.Rev $ Removal.Outcome , Comp.Rev $ Compensation.Evidence ) 





R script C.2: Table generation and Fisher Exact Test R scripts for categorical variables 
“Removal.Method” and “Compensation.Evidence”; produced using data set “Comp.Rev” 
method.table <-  table ( Comp.Rev $ Removal.Method , Comp.Rev $ Compensation.Evidence ) 
fisher.test ( method.table ) 
 
R.script C.3: Generation of data set “Phys.Comp.Rev”; produced using package “dplyr” and data set 
“Comp.Rev” 
Phys.Comp.Rev <- Comp.Rev % . % filter ( Removal.Method  == " Physical " ) 
 
R script C.4: Table generation R script for categorical variables “Removal.Technique” and 
“Compensation.Evidence”; produced using data set “Phys.Comp.Rev” 
tech.table <-  table ( Phys.Comp.Rev $ Removal.Technique , Phys.Comp.Rev $ 
Compensation.Evidence ) 
 
R script C.5: Table generation R script for categorical variables “Area.Connectivity” and 
“Compensation.Evidence”; produced using data set “Phys.Comp.Rev” 
area.table <-  table ( Phys.Comp.Rev $ Area.Connectivity , Phys.Comp.Rev $ 
Compensation.Evidence ) 
 
R script C.6: Table generation R script for categorical variables “Area.Size.Binary” and 
“Compensation.Evidence”; produced using data set “Phys.Comp.Rev” 
conn.table <-  table ( Phys.Comp.Rev $ Area.Size.Binary , Phys.Comp.Rev $  
Compensation.Evidence ) 
 
R script C.7: Binomial logistic regression model R script for model “Comp.glm”; produced using data set 
“Phys.Comp.Rev” 
Comp.glm  <- glm ( Compensation.Evidence  ~ Area.Connectivity + Removal.Technique +                





Table C.2: Binomial logistic regression scaled residuals for model “Comp.glm” 
Min 1Q Median 3Q Max 
-1.5660 -0.6341 -0.2959 0.1055 2.5101 
 
Table C.3: Binomial logistic regression model summary output for model “Comp.glm”; levels for the 
intercept are as follows: Removal.Technique = “Electrofishing”; Area.Connectivity = “Closed”; 






(Intercept) -1.5021 0.7671 -1.958 0.0502 
Removal.Technique:   
“Gillnetting” 
-3.2231 1.3369 -2411 0.0159 
Removal.Technique: 
“Multiple” 
-2.0979 0.9993 -2.099 0.0358 
Removal.Technique: 
“Other” 
-2.3253 1.0695 -2.174 0.0297 
Area.Connectivity: 
“Open” 
0.7622 0.9486 0.803 0.4217 
Area.Connectivity: 
“Variable” 
2.6817 1.0509 2.552 0.0107 
Area.Size.Binary: 
“> 1” 
1.6187 0.9517 1.701 0.0890 
 
 
Table C.4: Binomial logistic regression model summary output null and residual deviance for model 
“Comp.glm” 















R script C.8: Multiple comparisons of means R script for variable “Removal.Technique”; produced using 
function “glht” from R package “multcomp” and model “Comp.glm”; model was rerun to exclude  p - 
value adjustment   
library ( multcomp ) 
Mult.Tech <- ( glht ( Comp.glm , mcp ( Removal.Technique  = " Tukey " ) ) ) 
summary ( Mult.Tech , test = adjusted ( " none " ) ) 
 






Gillnetting - Electrofishing -3.2231 1.3369 -2.411 0.0159 
Multiple - Electrofishing -2.0979 0.9993 -2.099 0.0358 
Other - Electrofishing -2.3253 1.0695 -2.174 0.0297 
Multiple - Gillnetting 1.1252 1.4210 0.762 0.4285 
Other - Gillnetting 0.8978 1.4672 0.612 0.5406 
Other - Multiple -0.2274 1.1780 -0.193 0.8469 
 
R script C.9: Multiple comparisons of means R script for variable “Area.Connectivity”; produced using 
function “glht” from R package “multcomp” and model “Comp.glm”; model was rerun to exclude  p - 
value adjustment   
library ( multcomp ) 
Conn.Tech <- ( glht ( Comp.glm , mcp ( Area.Connectivity = " Tukey " ) ) ) 
summary ( Conn.Tech, test = adjusted ( " none " ) ) 
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Open - Closed 0.7622 0.9486 0.803 0.4217 
Variable - Closed 2.6817 1.0509 2.552 0.0107 
Variable - Open 1.9195 1.2245 1.568 0.1170 
 
R script C.10: Generation of data set “Fish.Phys.Comp.Rev”; produced using package “dplyr” and data set 
“Phys.Comp.Rev” 
Fish.Phys.Comp.Rev <- Phys.Comp.Rev % . % filter ( Fish.Species  == " Yes " ) 
 
R script C.11: Binomial logistic regression model R script for model “Fish.Comp.glm”; produced using 
data set “Fish.Phys.Comp.Rev” 
Fish.Comp.glm  <- glm ( Compensation.Evidence  ~ Area.Connectivity + Removal.Technique +                
Area.Size.Binary , data = Fish.Phys.Comp.Rev , family = binomial ( link = ' logit ' ) ) 
 
Table C.8: Binomial logistic regression scaled residuals for model “Fish.Comp.glm” 
Min 1Q Median 3Q Max 





Table C.9: Binomial logistic regression model summary output for model “Fish.Comp.glm”; levels for the 
intercept are as follows: Removal.Technique = “Electrofishing”; Area.Connectivity = “Closed”; 






(Intercept) -1.7533 0.8602 -2.038 0.0415 
Removal.Technique:   
“Gillnetting” 
-3.7546 1.5474 -2.426 0.0152 
Removal.Technique: 
“Multiple” 
-2.2894 1.0703 -2.139 0.0324 
Removal.Technique: 
“Other” 
-1.0844 1.2019 -0.902 0.3669 
Area.Connectivity: 
“Open” 
0.1665 1.1376 0.146 0.8837 
Area.Connectivity: 
“Variable” 
2.9509 1.2048 2.449 0.0143 
Area.Size.Binary: 
“> 1” 
2.4465 1.2568 1.947 0.0516 
 
 
Table C.10: Binomial logistic regression model summary output null and residual deviance for model 
“Fish.Comp.glm” 















R script C.12: Multiple comparisons of means R script for variable “Removal.Technique”; produced using 
function “glht” from R package “multcomp” and model “Fish.Comp.glm”; model was rerun to exclude  p - 
value adjustment   
library ( multcomp ) 
Fish.Mult.Tech <- ( glht (Fish.Comp.glm , mcp ( Removal.Technique  = " Tukey " ) ) ) 
summary ( Fish.Mult.Tech , test = adjusted ( " none " ) ) 
 







Gillnetting - Electrofishing -3.755 1.547 -2.426 0.0152 
Multiple - Electrofishing -2.289 1.070 -2.139 0.0324 
Other - Electrofishing -1.084 1.202 -0.902 0.3669 
Multiple - Gillnetting 1.465 1.473 0.995 0.3198 
Other - Gillnetting 2.670 1.752 1.524 0.1274 
Other - Multiple 1.205 1.343 0.897 0.3696 
 
R script C.13: Multiple comparisons of means R script for variable “Area.Connectivity”; produced using 
function “glht” from R package “multcomp” and model “Fish.Comp.glm”; model was rerun to exclude  p - 
value adjustment   
library ( multcomp ) 
Fish.Conn.Tech <- ( glht ( Fish.Comp.glm , mcp ( Area.Connectivity = " Tukey " ) ) ) 
summary ( Fish.Conn.Tech , test = adjusted ( " none " ) ) 
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Open - Closed 0.1665 1.1376 0.146 0.8837 
Variable - Closed 2.9509 1.2048 2.449 0.0143 






Appendix D: Cascades to Coast GK-12 Curriculum 
 
 
Defining Invasive Species and Understanding  
Natural Resistance to Their Expansion 
Cascades to Coast GK-12 Curriculum 
Fellow: Brian Turner (PSU Environmental Science) 
Teacher: Laurie McDowell (Lent School) 
Advisor: Catherine de Rivera (PSU Environmental Science) 
 
Learning goal: 
 Over a series of three activities, students will be introduced to the concept of 
invasive species, learn how abiotic and biotic conditions in a habitat can prevent the 
establishment and spread of invasive species, and how human impacts on those 
conditions can facilitate the invasion of new species. 
 
Introduction: 
 Invasive species, non-native organisms that cause economic or ecological harm, 
are an ever growing topic of concern among scientists, governments, farmers and nature 
lovers. These organisms are generally introduced to new regions through human 
activities, either intentionally or as a byproduct of other activities. Invasive species are a 
major threat to biodiversity, second only to habitat destruction, and threaten ~ 42% of 
species on the endangered species list (Pimentel et al. 2005). Costs to agriculture, 
fisheries, forestry, ecological tourism and other industries by introduced species are 
estimated at $120 billion per year to the U.S. economy alone (Pimentel et al. 2005).  
Despite the risk invasive species pose, not all habitats are equally vulnerable to 
invasion. Numerous factors such as the tolerances of invasive species to environmental 
conditions and the biodiversity of a habitat will influence how vulnerable it is to invasion. 
An understanding of what makes a habitat more resistant to invasion can aid in the 
prioritization of resources and efforts for managing invasive species.  
 
Invasive Species Information Resources: 





 http://oceanservice.noaa.gov/facts/invasive.html  
 http://www.nature.org/ourinitiatives/habitats/forests/explore/invasives-101.xml  
 
References: 
[1]  D. Pimentel, R. Zuniga, and D. Morrison, “Update on the environmental and 
economic costs associated with alien-invasive species in the United States,” Ecol. 





Defining Invasive Species Activity 
Cascades to Coast GK-12 Curriculum 
 
Learning goal: 
Students will be introduced to the concept of invasive species, learn the criteria 
used to categorize a species as invasive and then use these criteria to categorize local 
species as native, non-native, pest, or invasive.  
 
Students Learning Objectives: 
 Understand the concept of invasive species 
 Using a species point of origin and their ecological/economic impacts, categorize 
local species as native, non-native, pest, or invasive 
 





Next Generation Science Standards: 
 5-ESS3-1.  Obtain and combine information about ways individual 
communities use science ideas to protect the Earth’s resources and environment. 
 MS-ESS3-3. Apply scientific principles to design a method for monitoring and 
minimizing a human impact on the environment. 
 
Curriculum Summary: 
Students will be introduced to the concept of invasive species and the criteria 
necessary for a species to be considered invasive. Based on these criteria, groups of 
students will be asked to categorize a selection of species found in Oregon as native, non-
native, pest or invasive. These organisms represent a variety of species ranging from 
mammals to single celled plants across three different habitat types (marine, freshwater, 
and terrestrial). Each species is represented by a card with a picture and information to 
aid students in selecting a category (native, non-native, pest or invasive). There are 36 
species cards in total, 12 for each of the three habitats, and 3 for each category per 
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habitat. After the students have divided the cards into categories, the class will discuss the 
rationale for choices. Particular emphasis should be placed on discussing those species 
where different groups chose different categories. The decision to categorize a species as 




Organism: An individual living thing such as a single plant, animal, bacteria, or fungus. 
Invasive Species: A species that is non-native (evolved elsewhere) in relation to the 
location under consideration and whose introduction causes or is likely to cause 
economic or environmental harm or harm to human health. 
Marine: Found in or produced in the ocean. In this activity, it referees to organisms that 
live in the ocean. 
Terrestrial: Found on or related to the Earth. In this activity, it referees to organisms that 
live on land. 
Freshwater: Found in or produced in fresh water. In this activity, it referees to organisms 
that live in lakes, ponds, and rivers. 
 
Background: 
While most people agree that invasive species are a problem, there has been 
debate on what species should be considered invasive. Some people think any species 
that causes problems should be considered invasive, while some think it should be based 
only on where a species is originally from. On February 3, 1999, then President Bill 
Clinton signed Executive Order 13112 which clarified the definition of what the United 
States government would consider an invasive species. The order defined an invasive 
species as a species that is:  
1) non-native (or alien) to the ecosystem under consideration and  
2) whose introduction causes or is likely to cause economic or environmental 
harm or harm to human health.  
It is important to remember that for a species to be invasive it must fulfill both of the 
criteria stated put forward in Executive Order 13112. A species may originally be from 
somewhere else, but not cause any problems in its new habitat. Some species are grown 
commercially and are of great economic importance, even though they may originally be 
from another part of the world. Additionally, there are many species that are native to a 
region but cause problems similarly to invasive species. Based on the criteria presented in 
Executive Order 12112, a species can be classified into one of four categories. 
1) Native: The species is from the location under consideration and has 
positive/neutral impacts. An example for the Pacific Northwest is Chinook 
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salmon. Chinook salmon are native to the region and are of economic and 
ecological importance. 
2) Pest: The species from the location under consideration and has negative impacts. 
An example for the Pacific Northwest is deer ticks. Deer ticks are native to the 
region, but are a vector for Lyme disease. 
3) Non-Native: The species is not from the location under consideration and has 
positive/neutral impacts. An example for the Pacific Northwest is llamas. Llamas 
are raised as livestock, do not cause problems in the region, and are native to 
South America. 
4) Invasive: The species is not from the location under consideration and has 
negative impacts. An example for the Pacific Northwest is English ivy. English 




 Additional information:  
o https://www.invasivespeciesinfo.gov/laws/execorder.shtml  
 Defining Invasive Species Answer Key (for instructors use) 
o Available at https://www.pdx.edu/soe-gk12/curriculum  
 Handouts and worksheets:  
o Available at https://www.pdx.edu/soe-gk12/curriculum 
o Invasive Species Cards (36 in total, one set per group) 
o Invasive Species Sorting Sheet (1 per group) 
 
Activity Plan: 
1) Ask the class if they have ever heard about invasive species and what the students 
think it means before giving the official definition put forth in Executive Order 
13112.  
2) Provide an example of an invasive species, being sure to highlight the impact of 
the species and its point of origin. 
3) Introduce the definitions and provide examples for native, pest, and non-native 
species. Be sure to highlight the impact of the species and its point of origin. 
4) Divide the class into groups (2-4) and provide each group with a Sorting Sheet 
and a set of Invasive Species Cards. Explain that all of these organisms can 
currently be found in Oregon (though they may not be from here originally) and 
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that the colors of their names represent their habitats (green = freshwater,  
blue = marine, red = terrestrial). 
5) Have the students place each card onto one of the fours squares on the sorting 
sheet depending on if they think the species should be classified as native, non-
native, pest, or invasive. They should use their own knowledge of the species and 
the information on the cards to make this decision. 
6) Once completed, go through the list and ask the class which category they put 
each species in and why. If a species has been assigned to more than one 
category, ask the students to explain their choice.  
 
Related Concepts: 
 Biology: competition, predation, food webs 
 Agriculture: transplanting crops and livestock, crop pests 
 Government: Presidential powers  
 Historical: European colonization 
 Economics: Global trade 
 
Extensions: 
 What is or is not invasive changes entirely depending on your global perspective. 
Organisms that are native to the United States may be very destructive if 
introduced to a new location. Have the students make new Invasive Species 
Sorting Sheet, replacing the word “Oregon” with “Miyagi, Japan”. Miyagi is a 
Japanese prefecture. Have them categorize the species again, only this time from 
the perspective of someone in Miyagi. Have the students assume the species have 
the same impacts in Miyagi as they do in Oregon. Discuss with the students what 
has changed about the classification of the species. Discuss if it is reasonable to 
assume a species will have the same impacts abroad as it does in its native range. 
Spoiler alert, it is not. 
 There is constant debate on whether or not to classify a species as invasive. This 
is especially the case with domesticated species. These species have numerous 
positive impacts for humans (companionship, labor, food, etc) but can have 
negative consequences when released into the wild. Below are examples of three 
such species. Have student’s list the positive impacts of these species on their 
lives, and then provide information on the negative impacts of wild populations. 
Have the class discuss and ultimately classify these species as invasive or non-
native. 
o Himalayan Blackberry 
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 http://www.invasive.org/gist/moredocs/rubarm01.pdf  
o Housecats 








Abiotic Resistance to Invasive Species Activity 
Cascades to Coast GK-12 Curriculum 
 
Learning goal: 
Students will be introduced to the concept of transport vectors and how 
technological innovations have increased the spread of invasive species. They will then 
learn about abiotic resistance, how invasive species are more likely to survive in habitats 
similar to their native range, and how the time of year a species is introduced changes if 
they will survive or not. Finally, they will examine that as climate change alters abiotic 
conditions, the potential ranges of invasive species will also change. 
 
Students Learning Objectives: 
 Understand what is a transport vector and how it relates to invasive species 
 Understand abiotic resistance and how it prevents the establishment of some 
invasive species 
 Understand how climate change may affect abiotic resistance 
 





Oregon State Standards: 
 MS-ESS3-5. Ask questions to clarify evidence of the factors that have caused 
the rise in global temperatures over the past century. 
 MS-LS2-4. Construct an argument supported by empirical evidence that 
changes to physical or biological components of an ecosystem affect populations. 
 
Curriculum Summary: 
Students will be introduced to the concept of transport vectors and how they relate 
to the spread of invasive species. The class will then discuss how one specific type of 
vector, ballast water, transports aquatic larvae throughout the world. The zebra mussel 
(Dreissena polymorpha) will be discussed as an example of an invasive species 
introduced via ballast. The students will then be introduced to the concept of abiotic 
resistance and how it can prevent the establishment of an invasive species in a new 
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habitat. The students will then play a game where they are asked to create a species of 
marine larvae and to choose the temperature tolerance of the species. Using a map of 
global ports along with temperature data, the students will mimic the transport of larvae 
around the world and examine how frequently their larvae survive. They will then repeat 
the activity using temperatures that have been increased to mimic global warming.  
 
Background: 
Every day goods and people are transported around the globe and invasive species 
are along for the ride. Planes, boats, cars, and even our boots all act as transport vectors, 
moving invasive species from one location to another. Although invasive species can 
spread naturally, by hitching a ride with us they are able to spread much further and 
much, much faster than they ever could otherwise. For example, the zebra mussel, 
Dreissena polymorpha, is a species of freshwater mussel that is native to southern Russia. 
It was transported from Russia to the Great Lakes in the ballast water of a cargo ship. 
Sincere it’s arrival in the 1980’s, this species has clogged hydro-electric and other water 
intake pipes, costing businesses and communities billions in damages.  
Despite the dangers of transporting invasive species, it is important to remember 
that not all organisms survive long enough to cause problems. Many die in transit; though 
as boats and planes become faster and faster it increases the chances species will survive 
the trip. Of those that do survive the trip, many will die off due to abiotic resistance. This 
occurs when abiotic (non-living) conditions such as temperature are not suitable for the 
organism. For example, cargo ships transport numerous species via ballast water. The 
ship will collect ballast water in one location, bringing along any swimming aquatic 
larvae with it. When they reach a new location and need to drop ballast, they will dump 
any surviving larvae in this new location. If the temperature or salinity of this new 
location is not suitable for the larvae, they will die. However, as abiotic conditions 
change due to events like global warming, previously inhospitable locations may become 
suitable for invasive species. 
 
Definitions: 
 Transport vector: A means by which invasive species are transported from one 
location to another. Examples include man-made vectors like ships (via ballast 
water, in cargo, or on the boar), airplanes (cargo or intentional shipping) and 
natural vectors like animals (attached to fur or inside body). 
 Abiotic resistance: Non-living aspects of a location that may prevent an invasive 
species from establishing. These include temperature, water availability, salinity 
(if aquatic), etc. It is generally predicted that the more dissimilar the abiotic 
conditions are between a species native habitat and a habitat to which it has been 
introduced, the less likely it is the species will successfully invade. 
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 Ballast water: Water carried in ships' ballast tanks to improve stability, balance 
and trim. It is taken up when cargo is unloaded and discharged when cargo 
loaded. 
 Larvae: An immature form of animals that undergo metamorphosis to an adult 
form. For example, a caterpillar is the larvae of butterfly, and a tadpole is the 
larvae of a frog. 
 Salinity: The measure of the amount of salt dissolved in water, usually measured 
in parts per thousand (ppt). The average ocean salinity is around 35 ppt and the 
average river water salinity is < 0.5 ppt. 
 
Materials: 
 Additional Information: 
o http://www.adfg.alaska.gov/index.cfm?adfg=invasive.pathways  







 Abiotic Resistance - Ballast Water and Marine Larvae Slides 
 20-sided die (one per group); alternatively can use Random Number Sheet (see 
below)  
 Colored pencils (2 colors per student) 
 Handouts and worksheets:  
o Available at https://www.pdx.edu/soe-gk12/curriculum 
o Abiotic Resistance - Port Abiotic Conditions Sheets  
(Pre and Post Global Warming; one set per group) 
o Abiotic Resistance - Port Map (one per student) 
o Random Number Sheet (one per group); alternatively can use 20-sided die  
(see above) 
o Abiotic Resistance - Larvae Cards (one card per student) 
 
Activity Plan: 
1) Briefly review with students the concept of invasive species.  
2) Define the term transport vector. Ask students to list possible vectors. Emphasize 
how these vectors have changed throughout history in terms of speed and 
frequency. 
3) Explain what ballast is and how it can act as a vector for marine larvae. Show the 
students the Abiotic Resistance - Ballast Water and Marine Larvae Slides to 
highlight what ballast water is and the variety of shape and form of marine larvae. 
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4) Hand out a larvae card and port map to each student. Ask them to name their 
larva, draw a picture of it, and decide its temperature tolerance. This tolerance 
will be the range the larva can survive. They can only circle one option and must 
use one of the options on the card.  
5) Hand out the Abiotic Resistance – Pre-Global Warming Port Abiotic Conditions 
Sheet and Random Number Sheet or 20-sided die to each table. Have each student 
select a port to which their larva is native. This location must have a temperature 
in their larva can survive in the February column (e.g., Can survive in Dubai in 
February).  
6) Each student will take turns using the random number sheet/die to select a 
number. They will need to roll the die or close their eyes and point randomly at 
the random number sheet. The number they choose is the port their larva is 
transported to. If the temperature in the February column is within their larva’s 
tolerance range then it survives and they will draw a line using a colored pencil 
from their starting port to the new port. On their next turn, they will select a 
number twice, once for each port. They will do this for every port they spread to.  
7) If the temperature in the February column is not in their larva’s tolerance range 
then the larva dies. They will put a small “X” on their card and try again next 
turn.  
8) If any student has larvae go to port #20, Detroit, their larvae dies. Because Detroit 
is a freshwater port, the marine larvae of the students will be unable to survive no 
matter the temperature. 
9) After 6 turns (or whatever is reasonable for the situation) have the students switch 
to using the June column for temperatures. Have the students switch colors and 
start again from their home port. Depending, you may want the students to use a 
new map. 
10) After 6 turns, have the students compare the differences between the February and 
June paths. Were they different? Were they different across students?  
 
Related Concepts: 
 Biology: habitat suitability 
 Economics: global trade 
 
Extensions: 
 Climate change stands to change a lot of things about our world, including 
the spread of invasive species. As global temperatures rise, areas that was 
previously too cold for a given species may become habitable. Re-run the 
activity using the Post-Global Warming Port Abiotic Conditions Sheet and 
have the students compare the results. Are there locations that you larvae 






Biotic Resistance to Invasive Species Activity 
Cascades to Coast GK-12 Curriculum 
 
Learning goal: 
Students will be introduced to the concept of biotic resistance and the role it plays 
in the establishment of invasive species. They will then examine how the efficacy of 
biotic resistance is influenced by the characteristics of the invasive species and the 
predator diversity in the habitat to which it is being introduced. Finally, they will examine 
how impacts from humans can alter the efficacy of biotic resistance. 
 
Students Learning Objectives: 
 Understand the concept of biotic resistance 
 Examine how the efficacy of biotic resistance to prevent invasion is determined 
by the characteristics of the invasive species and the predator community present 
in the invaded habitat 
 





Oregon State Standards: 
 MS-ESS3-3. Apply scientific principles to design a method for monitoring and 
minimizing a human impact on the environment. 
 MS-LS2-2. Construct an explanation that predicts patterns of interactions 
among organisms across multiple ecosystems 
 MS-LS2-4. Construct an argument supported by empirical evidence that 
changes to physical or biological components of an ecosystem affect populations. 
 
Curriculum Summary: 
 Students will be introduced to the concept of biotic resistance, how biotic 
resistance can prevent or limit the spread of invasive species, and how invasive species 
can overcome biotic resistance. The class will participate in a game in which they design 
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their own clam species, in particular determining the defense mechanism it possess. A 
starting population of three of these clams is then introduced to a Pacific Northwest 
(PNW) estuary. The student’s clams will “encounter” predators found in PNW estuaries 
via a slideshow. Each predator is best suited to consuming clams with specific defenses, 
and a student’s clam will need to have certain traits in order to survive. For each predator, 
a student’s clams will either survive or one clam will be consumed by the predator. If the 
student goes through the whole slideshow and has any clams remaining then their species 
has overcome biotic resistance and successfully invades the estuary. 
 
Background: 
 Although invasive species can be destructive, most species that are introduced to 
a new region will not survive. Some will be unable to cope with the abiotic conditions 
present (temperature, etc). Another barrier to invasion is biotic resistance, or the living 
aspects of a new habitat. The strongest biotic factor that can limit invasions is predation. 
Predators will consume introduced species, which can reduce their number, wiping them 
out or limiting their range. For example, the invasive purple varnish clam, Nuttallia 
obscurata, is forced to live in the high intertidal as a result of predation by the Dungeness 
crab, Metacarcinus magister. 
 One important thing to remember is just because there are predators in a habitat 
does not mean that invasive species cannot establish. If an invasive species has the right 
kind of defenses, it will lessen the impact by predators and allow it to establish. 
Alternatively, impacts from natural or human activities may reduce or eliminate predator 
populations, reducing predation pressure and allowing invasive species to establish.  
 
Definitions: 
 Biotic resistance: Living aspects of a location that may prevent an invasive 
species from establishing. This includes predation by local predators, infection by 
parasites or diseases, and competition with other species for resources. It is 
generally predicted that more diverse habitats are going to be more resistant to 
invasion, as there should be more potential predators and competitors. 
 Clam: Aquatic organism of the Class Bivalvia (two-shelled) with shells of equal 
size. The majority of clams are filter feeders that use a pair of siphons to pull in 
water (siphon 1), remove organic particles and oxygen, then discharge the water 
along with waste materials (siphon 2). Most burrow and live in soft-substrates 
such sand or mud. There are marine and freshwater clams. 
 Estuary: A partially enclosed coastal body of brackish water that has a least one 
river flowing into it and a connection with the open ocean. Estuaries are a 














 Biotic Resistance - Clam Defense Slideshow 
o Available at https://www.pdx.edu/soe-gk12/curriculum 
 Biotic Resistance - Clam Defense Slideshow After Crab Harvest 
o Available at https://www.pdx.edu/soe-gk12/curriculum 
 Handouts and worksheets: 
o Available at https://www.pdx.edu/soe-gk12/curriculum  
o Biotic Resistance - Clam Species Cards (one card per student) 
 
Activity Plan: 
1) Briefly review with students the concepts of invasive species and abiotic 
resistance. 
2) Introduce the concept of biotic resistance. Be sure to emphasize that although 
this is not as strong of a deterrent as abiotic resistance, it can still prevent or 
limit the spread of invasive species. 
3) Show students the Clam Defense Slideshow, highlighting the 3 major ways 
clams defend themselves.  
a. Burrowing Depth – Most clams live in sand or other soft-substrates. 
The deeper a clam burrows in this material, the more difficult it is for a 
predator to reach and capture it.  
b. Shell Thickness – A clams soft tissues are housed within two shells 
(valves) joined together by a hinge (ligament). The thicker a clams 
shells, the harder it is for predators to penetrate the shell. 
c. Muscle Strength – Clams posses an adductor muscle which, when 
contracted, pulls its two halves together. The larger and stronger the 
adductor muscle, the harder it is for predators to pull the shells apart.  
4) Hand out a Clam Species Card to each student and tell them they will be 
creating their own clam species. Have them name the species and select how 
strong their defense will be in each of the 3 categories. The numbers cannot be 
changed during the game, and the sum of all three categories must equal 6.  
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5) Explain to the students that three of each of their clam species has been 
introduced to the Pacific Northwest. These 3 clams are represented by the 
three clam icons on the species card.  
6) Show the students the Pacific Northwest Predator Parade Slideshow. Each 
time a slide of a new predator comes up, read the appropriate description form 
below. 
a.  Red Rock Crab – This crab has long, strong claws which allow it to 
pull open or crush all but the toughest of clams. To survive an 
encounter with the Red Rock Crab, your clams must have a Burrowing 
Depth = 3 or a Shell Thickness = 3. 
b. Moon Snail – This snail uses a spine-covered, tongue-like structure 
called a radula to drill a hole through a clams shell. To survive an 
encounter with the Moon Snail, your clams must have a Burrowing 
Depth > 2 
c. Spotted Rock Crab – This crab has massive claws which can break a 
man’s finger and crush even the toughest clams shell. To survive an 
encounter with the Spotted Rock Crab, your clams must have a 
Burrowing Depth = 3. 
d. Dungeness crab – This crab has fairly tough claws, but prefers to 
burrow into the sand after thinner shelled clams. To survive an 
encounter with the Dungeness crab, your clams need to have a Muscle 
Strength = 3 or Shell Thickness > 2. 
e. Pink Sea Star – This sea star can dig deep and pull clams open using 
structures called tube feet which cover the bottom of this colorful 
critter. To survive an encounter with the Pink Sea Star, your clams 
need a Muscle Strength = 3. 
f. Leopard Shark – Unlike some other sharks, this shark has flat teeth 
which it uses to crush the shells of shallow burrowing clams. To 
survive an encounter with a Leopard Shark, your clams need to have a 
Burrowing Depth = 3 or a Shell Thickness = 3. 
7)  Once you have read the description move to the next slide which shows the 
levels of a particular defense a clam needs to survive and encounter with this 
predator. If a student’s clam does not survive, have them cross out one of the 
lives on their Clam Species Card.  
8) Continue through the slide show in the same manner. If a student crosses out 
all three clams, the clam species has been wiped out. If the student makes it 
through all 6 predators with 1 or more clams remaining, then their species has 
survived and has invaded a new habitat. 
9) Talk with the students about the traits of the surviving clams. Which traits 
seemed most beneficial, which the least? Would the outcome have been 






 Biology: interactions between predator and prey species, biodiversity 
 
Extensions: 
 Changes in the predator community can change how resistant a location is to 
invasion. Tell the students you are going to play the game again, only something 
has happened where the clams will be introduced. Crab fishermen have been very 
busy and as a result there are no crabs left in the area. Play the game a second 
time, making sure the students use the same clam they made during the first play 
through. This time, use the Biotic Resistance - Clam Defense Slideshow After 
Crab Harvest document as the slideshow. No crabs are present in this slideshow, 
as they have all been removed by fishermen. Ask the students if any survived this 
time that were killed off before. Discuss how the outcome of the game might 
change if more predators were added. The addition of predators to control 
invasive species does occur and is called biological control. 
 
 
 
 
